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R e c a u s e  of  t h e  e x o r b i t a n t  c o s t  of s h i p p i n g  m a t e r i a l  f rom t h e  

ear  t h  t c r  t h e  moon a n d  t h f \  pruLa1)ili t l -  of t h r  c o l o n i z a t i o n  ai!d 

i n d u s t r i a l i z a t i o n  o n  i t s  s u r f a c e ,  i t  w i l l  become n e c e s s a r y  t o  

m i n e  t h e ,  l u n a r  l a n d s c a p e  f o r  ( - o n s t  r u c t  i c n  m a t e r i a l s .  D t a s i g i i  

c o n s i d e r a t i o n s  fo r  s u c h  a s y s t e m  must i n c l u d e  t h e  p r o d u c t i o r i  

c o n s t r a i n t  o f  m i n i n g  3 . 7 6  m i l l i o n  m e t r i c  t o n s  of r a w  l u n a r  s o i l  

p e r  y e a r .  In a d d i t i o n  t o  t h i s  c o n s t r a i n t  a r e  t h o s e  w h i c h  t a k e  

i n t o  a c c o u n t  t h e  h a r s h  l u n a r  a t m o s p h e r e .  

A s s u n i i n g  a l u n a r -  L a s e  arid s e v e r a l  c o m m u n i c a t i o n s  s a t e l l i t e s  

i n  1unr11-  o r h i  t h a v e  a l r e a d y  b e e n  e s t a b l i s h e d ,  a r o v i n g ,  u n m a n n e d ,  

m i n i n g  v e h i c l e  t h a t  p e r f o r m s  p a r t i a l  b e n e f i c i a t i o n  i n  t r a n s i t  

w i l l  L e  o u t l i n e d  in o u r  r e p o r t .  
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W i t h  t h e  e s t a b l i s h m e n t  a n d  s u b s e q u e n t  o p r ' r a t i o n  o f  x A s . 4 ' ~  

s p a c e  s t a t i o n  o f  t h e  1 9 9 O ' s ,  w e  k i l l ,  a s  a c i v i l i z a t i o n ,  h a L e  a n  

i m p o r t a n t  f o o t h o l d  i n  s p a c e .  T h i s  w i l l  a l l o w  u s  s i g n i f i c a n t l y  

e a s i e r  access t o  t h e  p l a n e t s  s u r r o u n d i n g  e a r t h  a n d  t o  o u r  n e a r e s t  

h e a v e n l y  n e i g h b o r ,  t h e  moon. I t  i s  o b v i o u s ,  t h r o u g h  t h e  p r e v i o u s  

m a n n e d  a n d  u n m a n n e d  e x p e d i t i o n s  t o  t h e  l u n a r  s u r f a c e ,  t h a t  a 

p l e t h o r a  o f  v a l u a b l e  r a w  m a t e r i a l s  e x i s t  w h i c h  w o u l d  b e  m o s t  

v a l u a b l e  t o  t h e  s p a c e  s t a t i o n ' s  f u r t h e r  s t r u c t u r a l  a u g m e n t a t i o n ,  

a s  w e l l  a s  f o r  i t s  l i f e  s u p p o r t  n e e d s .  P r o c u r e m e n t  of e a c h  

c o m m o d i t y  d i r e c t l y  f r o m  t h e  e a r t h  w i l l  b e  b o t h  c o s t l y  a n d  

i n e f f i c i e n t  : a much b e t t e r  s o l u t i o n  w i l l  u n d o u b t e d l y  i n v o l v e  

m i n i n g  t h e  moon's s u r f a c e ,  p r o c e s s i n g  t h e  g a t h e r e d  s o i l ,  a n d  

s h i p p i n g  i t  t o  t h e  s p a c e  s t a t i o n  for u s e .  

As t h e  b a s e  o n  t h e  moon i s  d e v e l o p e d  t o  f a c i l i t a t e  t h e  

m i n i n g  o p e r a t i o n ,  i n d i g e n t  raw m a t e r i a l s  w i l l  m o s t  l i k e l y  b e  t h e  

i d e a l  c h o i c e  f o r  m o s t  o f  i t s  b u i l d i n g  n e e d s .  E l e m e n t a l  i r o n ,  

s i l i c o n ,  t i t a n i u m ,  a n d  a l u m i n u m  s h o u l d  be  a c c e s s i b l e  f o l l o w i n g  

p r o p e r  b e n e f i c i a t i o n  o f  t h e  raw l u n a r  o r e .  O x y g e n ,  w h i c h  i s  

o f  c o u r s e  n e c e s s a r y  f o r  l i f e - s u p p o r t  i n  a l i e n  e n v i r o n m e n t s ,  will  

o f  c o u r s e  b e  a b y - p r o d u c t  o f  t h e  o r e  r e d u c t i o n  p r o c e s s e s .  

Two o r e s ,  i l m e n i t e  a n d  a n o r t h i t e ,  c a n  b e  r e a d i l y  separa!ecl 

f r o m  t h e  l u n c i r  s o i l .  T h e  i l m e n i t e ,  h i g h  i n  iroii ar id  t i t a ~ i c r i ~ ,  

c a n  b e  c o n c e n t r a t e d  u p  t o  a b o u t  90°0 a n d  w o u l d  c o m p r i s e  a b o u t  5 

1 0 %  o f  t h e  a c t u a l  s o i l  m i n e d  [ l ; .  A n  a n o r t h i t e  c o n c e n t r a t e  o f  

9.5", a n d  c o m p r i s i n g  a b o u t  45", o f  t h c .  soi l  h o u l d  b e  l i k e l y  t o  

s u p p l y  l a r g e  a m o u n t s  o f  A 1  a n d  S i  rl: .  T h e  b e n e f i c i a t i o n  o f  t h e  

a 
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a n o r t h i t e ,  t o  b e  c a r r i e d  out  a t  t h e  l u n a r  b a s e  o r  i n  a spac t '  

s t a t i o n  i n  l o w  o r b i t  a r o u n d  t h e  moon,  w o u l d  p r o b a b l y  be a c h i e v e d  

b y  c a r b o c h l o r i n a t i o n  f o l l o w e d  w i t h  A l c o a  e l e c t r o l y s i s  o f  

c h l o r i d e s  12:.  T h e  i l m e n i t e  w o u l d  m o s t  l i k e l y  b e  

c a r b o c h l o r i n a t  e d  and reducc .d  b y  c a l c i u m  t o  p r o d u c e  t i t a I i i u m  

d i o x i d e  f 2 ; .  C a r b o n  m o n o x i d e  f r o m  b o t h  meta l  e x t r a c t i o n  

p r o c e s s e s  c o u l d  h e  c o n v e r t e d  t o  m e t h a n e  o r  s o l i d - s t a t e  

e l e c t r o l y s i s  c o u l d  b e  u s r d  t o  g e n e r a t e  o x y g e n  f r o m  a gas  m i x t u r e  

o f  c a r b o n  d i o x i d e ,  c a r b o n  m o n o x i d e ,  a n d  water  ; 2 ] .  

O n l y  p a r t i a l  mass r e d u c t i o n  w i l l  b e  h a n d l e d  b y  t h e  m i n i n g  

v e h i c l e  d e s c r i b e d  i n  t h i s  r e p o r t ;  f u r t h e r  b e n e f i c i a t i u r i  w i l l  

o c c u r  a t  a r e f i n e m e n t  c e n t e r  w i t h i n  t h e  l u n a r  h a b i t a t  c o m p l e x .  

T h i s  d o c u m e n t  w i l l  p r i m a r i l y  d e l i n e a t e  t h e  o p e r a t i n g  d e t a i l s  o f  

t h e  v e h i c l e  w h i c h  w i l l  d i g  t h e  s u r f a c e  s o i l ,  a n d  r e j e c t  

a p p r o x i m a t e l y  80% o f  t h e  d i g .  T h i s  w i l l  y i e l d  a c o n c e n t r a t e  

w h i c h  c a n  t h e n  be  r e t u r n e d  t o  t h e  h a b i t a t  f o r  f i n a l  p r o c e s s i n g .  

2 
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11. BACKGROUND ON ENVIRONMENT 

T h e  e n v i r o n m e n t  a1  c o n d i t  i o n s  on  t h e  moon a r e  immedi a t  t’ a ~ t d  

dynamic .  c o n s i d e r a t  i o n s  when d e s i g n i n g  a n y t h i n g  f o r  t h e  l u n a r  

s u r f a c e  t h a t  w i l l  be. e x p o s e d  t o  t h r s e  c o n d i t i o n s .  G I  a v i i y ,  

d i u r n a l  c y c l e ,  a t m o s p h e r e ,  a n d  d i s t a n c r  a l l  h a v e  t h e i r  e f f e c t s  on 

a p : - o j e c f  l o c a t e d  o n  t h y  mooiJ. 

T h e  s m a l l e r  s i z e  o f  t h e  moon c r e a t e s  a n  a r c e l e r a t i o n  o f  

g r a v i t l -  w h i r h  i s  a b o u t  o n e - s i x t h  t h a t  o f  t h e  e a r t h .  T h i s  

r e d u c t i o n  i n  w e i g h t  h a s  d i r e c t  e f f e c t s  o n  t r a c t i o n ,  K h i c h  i s  

r e d u c e d  a l o n g  w i t h  t h e  w e i g h t ,  a n d  e n e r g y  r e q u i r e m e n t s ,  w h i c h  g o  

down b e c a u s e  l e s s  n o r m a l  f o r c e  i s  e s e r t e d  on  t h e  v e h i c l e .  

T h e  d a y / n i g h t  c y c l e  on  t h e  moon i s  2 8  d a y s  l o n g ,  d u r i n g  

w h i c h  t h e  s u r f a c e  t e m p e r a t u r e  v a r i e s  b e t w e e n  -1208C a n d  +120? .  

S i n c e  s h a d o w s  a r e  a b s o l u t e  o n  t h e  moon,  t h i s  c y c l e  d i r e c t l y  

affects o p e r a t i n g  c o n d i t i o n s  a n d  t i m e s .  M a t e r i a l s  a r e  l i m i t e d  t o  

t h o s e  w h i c h  c a n  w i t h s t a n d  t h e s e  e x t r e m e s .  

T h e  a b s e n c e  o f  a t m n s p h e r e  on  t h e  moon compouni l s  t h e *  

t e m p e r a t u r e  e x t r e m e s  a n d  t h e  h a r s h n e s s  o f  t h e  l i g h t i n g ,  w h i c - 1 1  

m a k e s  o p t i c a l  s y s t e m s  more  d i f f i c u l t  t o  u s e  i n  t h e  l u n a r  

e n v i r o n m e n t .  T h i s  vacuum a l s o  p r e v e n t s  t h e  u s e  o f  l u b r i c a n t s  on  

t h e  moon, 1 i m i  t i n g  t h t .  u s e  o f  h y d r a u i  i r s  a n d  1 i n k a g e r .  S e a l i n g  

b e a r i n g s  o r  l u b r i c a t i n g  them w i t h  s o l i d s  h e c o n i e s  a n c c e s s l i ! .  

T h e  d i s t a n ( . t J  t o  t i l ?  n [ ! o n  i s  t h e  most  eC.oncmi c . a l 7  y 7 i m i  t i ! I &  

f a c t o r  i n  d e s i g n  w o r l i .  A t  $ 1 5 , 0 0 0  p e r  p o u n d ,  u t i l i z a t i c n  o f  

m a t t . I . i a l s  a l r e a d y  o n  t h e  moon i s  a n e c c t s s a r y  consic!r . : . ; i t  i t , : ; .  

M i n i n g  t h p  moon w i l l  b e  an i m m e d i a t e  n e c ~ e s s i t y  o n c e  a n y  iux:a: 

c o n s t  1-uc.t i o n  b e g i n s .  

3 



111. ORE SEPARATION/BENEFICIATION 

c* VOLUME ESTIMATION 

T h e  b e n e f i c i a t  i o n  p r o c e s s e s  p e r f o r m e d  on t h e  m i n i n g  vehi I-.] e 

a s  i t  c o l l e c t s  s o i l  a r e  d e p e n d e n t  on  how much m a t e r i a l  i s  

( : o l l e c t ~ \ d  b y  t h e  v e h i c l e ’ s  s c o o p e r / d r i v e r s .  B a s e d  on the- 

e s t i m a t e  t h a t  3 . 7 6  x 1 0  m e t r i c .  t o n s  o f  s o i l  w o u l d  n e e d  t o  fie 
G 

c o l l e c t e d  a n n u a l l y  t o  h a v e  a c o s t  e f f e c t i v e  p r o g r a m ,  a c o l l e c t i o n  

0 
r a t e  o f  856 m e t r i c :  t o n s  p e r  h o u r  w a s  c a l c u l a t e d .  F u r t h e r  

c a l c u l a t i o n s  w h i c h  f o l l o w  i n  A p p e n d i x  B show t h a t  t h i s  much s o i l  

c a n  be c o l l e c t e d  u s i n g  f o u r -  t r u c k s  t h a t  t r a v e l  0 . 1 7  km!houi., 

w i t h  e a c h  t r u c k  c o l l e c t i n g  2 1 4  m e t r i c  t o n s  p e r  h o u r .  

c 

0 

9 

PROCESS 

I n  t h e  p r o c e s s i n g  o f  i l m e n i t e ,  i t  h a s  b e e n  s u g g e s t e d  t h a t  

t h e  b e s t  m e t h o d  w o u l d  be  t h e  u s e  o f  t w o  e l e c t r o s t a t i c  s e p a r a t o r s  

a l o n g  w i t h  a m a g n e t i c  s e p a r a t o r  113. T h i s  m e t h o d  i s  m o s t  o f t e n  

u s e d  i n  t e r r e s t r i a l  i n d u s t r i a l  a p p l i c a t i o n s  a t  p r e s e n t .  T h e  

m a t e r i a l  m u s t  b e  s i z e d  t o  a v a l u e  b e l o w  l m m  u s i n g  a 2 0  m e s h  

s c r e e n ,  a n d  t h o s e  p a r t i c l e s  b e l o w  t h e  2 0 0  m e s h  s i z e  m u s t  a l s o  b e  

r e m o v e d  b e c a u s e  t h e y  a r e  t o o  s m a l i  t o  b e  e f f e c t i v e l y  d i r e c t e d  by 

e l e c t r o s t a t i c  f o r c e s .  T h e  m a t e r i a l  w o u l d  t h e n  b e  p a s s e d  t h r o u g h  

a n  e l c c t r o s l a t  i c  s e p a r a t  Z I ? ~  d e v i c e ,  a m a g n e t  i c  s e p a r a t o r ,  arid 

w f i n a l l y  a n o t h e r  e l e c t r o s t a t i c  s e p a r a t o r .  Many d i f f e r e n t  t y p e s  u f  

e l e c . t r o s t a t i c  a n d  m a g n e t i c  s e p a r a t i n g  d e v i c e s  were i n v e s t i g a t e d  

b e f o i e  a f i n a l  d e s i g n  d e c i s i o n  was made  f o r  t h i s  a p p l i c a t i u c .  

0 

- E l e c t r o s t a t i c  s e p a r a t i o n  p r o c e s s e s  w h i c h  were s t u d i e d  a r e  c o r o r i a  

e l e c t r i f i c a t i o n ,  i n d u c t i v e  c h a r g i n g ,  t r i b o e l e c t r i f i c a t i o n  ( w h i c h  e - 

4 
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includes frictional electrification), and fluidized 

electrification. The magnetic: processes studied included  lo^ 

intensity devices such as belt and drum separators, high- 

intensity devices such as the induced roll separator, and high 

gradient magnetic separators. 
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ELECTROSTATIC SEPARATORS 

Corona charging is most often used to separate conductive 

from non-conductive particles by charging all particles with the 

same polarity by ionic bombardment from a corona glow region 131. 

The conductive particles are then neutralized by an earthed 

surface and a separation is possible [ 3 ] .  Charging by corona 

discharge requires very expensive equipment to produce the 

required voltage and, also, selective deflection of particular 

fractions is difficult to achieve [ 4 ] .  This method was not 

chosen for the lunar separation because the process involves 

fractions with differences much more definitive than simpl> 

conductor vs. non-conductor. 

With inductance charging a considerable advantage is that 

most of the energ?; required for the process is spent in 

mechanically removing the particle from the electric field [ 3 ] .  

If properly designed, an inductive separator can be made tc: 

require no elt.ctrica1 power [ 3 ] .  T n  the 1'1 oc'ess, conductive 

0 particles become polarized into dipoles, are then attracted t o  an 

elect rode, and are thus separated f r o m  the non-conduct i v e  

particles l 4 ; .  Inductive charging works much better if o n e  

- electrode is substantially larger than the other and if the 

particle stream is closer to one electrode In the l u n a : -  

0 

e 
0 
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mining vehicle, this could cause a considerable amount of weight 

instability, and gravity is generally used t o  separate the 

particles from the electric field, This force in a micro-gravity 

environment like the moon might not be sufficient t o  effectively 

separate the materials from the electric field. Inductive 

charging was used in many early separation devices t o  separate 

wheat and grains, but other methods of charging particles of 

denser materials have been developed f 4 ] .  Also, inductive 

charging almost always inadvertently occurs along with 

triboelectrification, therefore, this process was not chosen as 

the sole means of electrostatic separation. 

Triboelectrification is generally one of the most practical 

and least expensive methods of selectively charging particles for 

separation. Triboelectrification involves as the presence of  

charges after solid-to-solid contact has ceased [ 3 ] .  

Triboelectrification devices are u s u a l l y  vibrating conveyors with 

charged plates or large volume tanks with charged conveyor b e l t s  

passing over the fluid surface to attract certain particles from 

the medium. The fluidized-bed process of separation was 

immediately rejected due t o  the almost complete vacuum conditions 

on the lunar surface. Any use of fluids for the entire lunar 

mining scheme has been rejected in o r d e r  to avoid the complelity 

of airlocks and sophisticated control systems. 

Thr. viL)ratoi.y conveyor conc.eyt w a s  s e l  ect e r l  for the process 

due to the minimum of electrical and mechanical power ne cess<^? 

for each unit as enumerated in Appendix D. A l s o ,  this s c h e n l e  h a s  

been used t o  efficiently separate ilmenite from beach sand in one 

pass t hr-ough a vibrating i n b l r  separator [ 4 ] .  In a very gross 
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comparison, the sand can be likened t o  the lunar soil w i t h  

similar densities (2.14 g/cm vs. 1.75 g/cm for the lunar s o i l )  
3 3 

and some of the same characteristics of liigh comyressibilits and 

cohesion. Thus, the vibratory conveyor with conductive a ~ r l  

frictional charging was chosen for the lunar beneficiation 

scheniy. The frictional charging o f  the process can b e  affected 

by humidity, temperature, dust, et(.. ; therefore, the lunar. 

environment is considered almost perfect for electrostatic 

beneficiat ion because of its micropressure and low temperature 
0 

conditions. Also, in the vibratory conveyor, the top plate, 

which is charged, must work against gravity to affect thv 

0 

. 

particles, therefore the moon’s gravitational force (one-sixth 

that of  the earth’s) will be another positive factor for this 

separation scheme. 

The electrostatic separator will consist of a vibratory 

conveyor mechanism modeled by an existing industrial application 

0 

0 

e 

built b y  Hapman Conveyors Divisiorl 1 5 1 .  The vibrations are 

produced by a 2 to 7 hp motor drive connected to several evenly 

spaced metal springs. The metal springs were chosen over a type 

o f  polymer oscillator to avoid an>. problems of gaseous 

discharge. The pan of the vibratory conveyor- which will form the 

lower electrode should be made of a n  insulating material with 

electrically conductive ribling on the surface. T h e  top plate o r  

uppel electrode shvuld Le approxiniatt-l> ‘ 5 .72  to 7 . 6 2  cm at)o\e t h r -  

10wc.i  plate. T h e  vibratiilg d e c h  j s  slightly sloped causing tiif: 

particles to m o v e  toward the sides and end of the separator. The 
t 

e 
tailings w i l l  Le discharged at t h t a  sides o f  the deck and thr 

desired components hill be collected at the far end of tIir 

7 
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separator- and then fed directly into the magnetic separator. 

MAGNETIC SEPARATORS 

The concept of magnetic separation h a s  been widely u s e d  in 

industry for many years beginning with the first separation of 

iron ores : 6 ] .  This separation involves the application of 

magnetic forces to attract the magnetically susceptible particles 

while other forces (frictional, gravitational, and inertial! pull 

the non-magnetic components in another direction, and thus 

separate the two fractions i 7 : .  The magnetic concentrate (called 

mags), a non-magnetic component (known a s  tailings), and an 

intermediate fraction (called ntidlings’ are produced. Magnetic 

separation is broadly dividyd into tht. two areas of loh-intensity 

and high-intensity with induced pole devices. 

The two primary types of low-intensity magnetic separation 

are belt separators and drum separators. These types of 

separators can only be applied to materials of high magnetic 

susceptibility. The b e l t  separator is a deLice in w h i c h  a 

conveyor belt is used to transport the material into an area with 

nonhomogeneous magnetic field [ T I .  The magnetic field is usuallk 

produced by a l a r g e ,  stationary electromagnet. A system of belts 

above the initial conveyor attracts the highly magnetic particles 

as they pass by and deposits in bins at the side o f  the main 

c c i n v e y o i  [ 6 : .  T h i s  mfx thod  was not c h c i s e n  p i  imarily t e c a u s r  of 

the unrertaint? about the magnetic susceptibility o f  the lunsi 

s o i l .  

Tht-re are th;o hinds of low-intensity drum sepal ato1-s  

used commt--rciall> to separate iron o r e s :  the dry and the w e t  

s e y a r a t  or. In a drum s e p a r a t o r - ,  t h e  fprd mate l  i a l  is 

e 
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introduced at the top of a rotating drum and travels down a l o n ~ ,  

the roll by gravitational and frictional forrps r 7 : .  Statlonarl 

magnets within the roll produce magnetic forces which attract 

the magnetically susceptible particles and deposit these in a bin 

farther around the drum away from the non-magnetic particles [ti:. 

Wet drum separators make use of hydrodynamic forces, produced b y  

combining t h e  feed material with a liquid, alone kith gravity arid 

friction to separate particles smaller than those usually placed 

in a dry separator [’i]. A s  in electrostatic beneficiation, any 

use o f  fluids is avoided, and thus the use o f  the wet drum 

separator was rejected. The dry drum separator was also rejected 

on the basis that the magnetic susceptibilitc of the lunar soil 

has not been determined. Therefore, it was determined that some 

type of high intensity magnetic separator should be used. 

High-intensity separators can be used to effectively 

separate weakly magnetic particles if the magnetic field and 

magnetic gradient are both increased to account fur the decreased 

susceptibility of the matt.ria1 [ 7 ; .  The drum separator concept 

must be modified by creating a closed magntbtic circuit. This is 

achieved by producing a rotating drum of laminar insulated discs 

made from mild steel a n d  raising the  edges of the roll to create 

a large gradient. In the induced roll separator (widely 

available on an industrial basis) the m:tterial i s  fed on t o  the 

top o f  the first roll, separated, and then passed to a s e (  onri 

l o w t . 1 -  1.011 whvre the matt.1-ial is further- sepa i  a t e d  1 7 1 .  111 t I ! #  

high gradient magnetic separator weakly magnetic particles a r e  

sellarated from a slurry by using wire matrices to produtr as 

l a r g e  a magnetic gradient a s  possible 1‘7:. Once again, the use’ 
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oi a s l u r r y  i s  n o t  e v e n  c o n s i d e r e d  f o r  a p p l i c a t i o n s  i n  t h e  l u n a i -  

e n v i r o n m e n t .  

For- t h e  l u n a r  m i n i n g  s y s t e m  a Ct1rpc.o m o d e l  MIH(13!231-100  

m a g n e t i c  s e p a r a t o r  w a s  c h o s e n  t o  m o d e l  t h e  r e q u i r e d  s e p a r a t o i  

[ 8 ] .  T h i s  s e p a r a t o r ,  b a s e d  on  t h e  i n d u c e d  r o l l  c o n c e p t ,  a c t u a l l y  

c o n t a i n s  f o u l -  r o t a t i n g  d r u m s  g i v i n g  an e v e n  h i g h e r  d e g i e e  o f  

s e p a r a t i o n  s h o u l d  b e  a t t a i n a b l e  f r o m  t h e  w e a k l y  magne t i c  

p a r t i c l e s .  The  p o w e r  c o n s u m p t i o n  o f  t h e  C a r p c o  s e p a r a t o r  w a s  

a l s o  a t t r a c t i v e  a t  o n l y  6 . i k W  ; 8 ] .  C e r t a i n 1 1  c o n s i d e r a b l e  

m o d i f i c a t i o n s  w o u l d  h a v e  t o  b e  made  f o r  use i n  t h i s  v e h i c l e ,  m o s t  

n o t a b l y  a d e c r e a s e  i n  t h e  w e i g h t  o f  t h e  s e p a r a t o r .  

0 

a 
. 
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WHEEL SELECTION 

T h e  s e l e c t i o n  o f  t h e  m o d e  o f  t r a c t i o n  o n  t h e  m o o n ’ s  s u r f a c . t .  

was n a r r o w e d  t o  a c h o i c e  b e t w e e n  t r a c t o r  t r e a d s  a n d  a l u m i n u m  

w h e e l s .  T h e  b a s i s  f o r  t h e  d e c i s i o n  t o o k  i n t o  a c c o u n t  t h e  

p r o p e r t i e s  o f  t r a c t i o n ,  d e f l e c t i o n ,  a n d  w e i g h t  d i s t r i b u t i o n .  T h e  

o u t g a s s i n g  p r o p e r t y  of  r u b b e r s  o n  t h e  moon e l i m i n a t e d  a n y  

s t a n d a r d  w h e e l  t y p e s  f r o m  c o n s i d e r a t  i o n .  

T r a c t o r  t r e a d s  were e l i m i n a t e d  from d e s i g n  c o n s i d e r a t i o n s  

b e c a u s e  o f  t h e i r  p o o r  t r a n s l a t i o n  t o  t h e  c o n d i t i o n s  o f  t h e  l u n a r  

e n v i r o n m e n t .  T h e  s u p p o r t  o f  t h e  v e h i c l e  c o u l d  b e  w e l l  d e s i g n e d  

i n  c o n j u n c t i o n  w i t h  t r e a d s  r u n n i n g  t h e  e n t i r e  l e n g t h  o f  t h e  b o d y ,  

b u t  t h i s  i n c r e a s e d  a rea  o f  t r a c t i o n  w o u l d  r e d u c e  t h e  

c o n c e n t r a t i o n  o f  w e i g h t  of t h e  v e h i c l e  o n  t h e  s o i l .  A s e c o n d  

p r o b l e m  i n v o l v e s  t h e  l i n k a g e s  t h a t  w o u l d  c o m p r i s e  t h e  t r e a d s  

t h e m s e l v e s .  L u b r i c a t i o n  w o u l d  b e  r e q u i r e d  t h a t  w o u l d  i m p o s s i b l e  

i n  t h e  n e a r  z e r o  p r e s s u r e  o f  t h e  moon. 

Aluminum mesh  w h e e l s  o f  t h e  t y p e  d e s i g n e d  f o r  NASA f o r  t h e  

L u n a r  R o v i n g  V e h i c l e  w e r e  A l o g i c a l  a l t e r n a t i v e  t o  t h e  t r e a d s .  

Mesh w h e e l s  w o u l d  t h e m s e l v e s  b e  v e r y  l i g h t w e i g h t  w h i l e  h a v i n g  t h e  

t h e  c a p a c i t y  t o  s u p p o r t  2000  p o u n d s  w e i g h t  a p i e c e .  T h e s e  w h e e l s  

w o u l d  a l l o w  f o r  m o r e  d e f l e c t i o n  C J I I  t h e  l u i i a r  s u r f a r r  a n d  h a \ e  

b e t t e r  t r a c t i o n  w i t h  t h e  v e h i c l e s ’  w e i l l i t  c o n c e n t r a t e d  o n  a 

s m a l l e r  s u r f a c e  c o n t a c t  a r e a .  

W h e e l  d e s i g n  w a s  f u r t h e r e d  n a r  1-oht-d b y  t h e  c o m p a r i s o n  o f  t t\o 

w h e e l  d e s i g n s ;  o p e n  a n d  c l o s e d  mesh  13:. R o t h  were d e s i g n e d  t o  

h a n d l e  KASA’s s o i l  m e c h a l l i c s  sp t . c i f i c  a t  ~ C I I I S ,  i n c l u d i n g  a n  a n g l e  
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of  r e p o s e  v a l u e  o f  35 c -+ 4 d e g r e e s ,  f o r  t h e  l u n a i  s u r f a c e .  T h v  

mesh  \ r h e e l  c o n s i s t e d  o f  Armalon  f a b r i c  s a n d w i c h e d  b e t w e e n  t \ i o  

n y l o n  m e s h e s  a n d  a n c h o r e d  a r o u n d  a n  a l u m i n u m  s p r i n g  h u b .  T h i s  

d e s i g n  p e r f o r m e d  t h e  b e s t  o f  t h e  two  011 l o o s e  s o i l  s l o p e s  g r e a t e r  

t h a n  20 , b u t  i t  r e q u i r e d  m o r e  power  t o  o p e r a t e  t o  overconit’  

e l a s t i c i t y ,  a n d  t h e  f a b r i c  i n c u r r e d  r i p s  d u r i n g  o p e r a t i o n .  T h e  

o p e n  mesh  d e s i g n  involves a n  a l u m i n u m  mesh  t o r u s  011 a n  a l u m i n u m  

s p r i n g  h u b .  I t s  i n c r e a s e d  r e l i a b i l i t y ,  f l e x i b i l i t y ,  a n d  t r a c t i o n  

made  t h e  o p e n  mesh  t h e  s u p e r i o r  d e s i g n .  

SOIL MOVEMENT W I T H I N  V E H I C L E  

T w o  d i f f e r e n t  m e t h o d s  a r e  n e e d e d  t o  move t h e  s o i l  w i t h i n  t h e  

L u n a r  M i n i n g  V e h i c l e ;  o n e  f o r  v e r t i c a l  l i f t  a n d  o n e  f o r  

h o r i z o n t a l  m o t i o n .  Ve r t i ca l  l i f t  i s  u t i l i z e d  i m m e d i a t e l y  a f t e r  

t h e  s o i l  i s  c o l l e c t e d  b y  t h e  s c o o p e r / d r i v e r .  

As s o o n  as  s o i l  i s  c o l l e c t e d  a n d  s i f t e d  t h r o u g h  s c r e e n  t h e  

i t  i s  n e c e s s a r k  t o  l i f t  t h e  m a t e r i a l  3.5 meters  t o  t h e  t o p  o f  

v e h i c l e  so t h a t  t h e  m a g n e t i c  arid e l e c t r o s t a t i c  s e p a r a t i o n  can 

work w i t h  t h e  f o r c e  o f  g r a v i t y .  The  b u c k e t  e l e v a t o r  d e s i g n e d  t o  

a c c o m p l i s h  t h i s  h a s  t o  work  c o n t i n u o u s l y  t o  h a n d l e  t h e  c o n s t a n t  

i n f l u x  o f  s o i l  a n d  w i t h o u t  a c h a i n  l o o p  w h i c L  w o u l d  r e q u i r e  

l i n h a g e s  and l u b r i c a t  i o n .  

D e v e l o p m e n t  o f  t h i s  c o n t i n u o u s  h e 3  t t S-pe e l e ~ a t  o r  h a s  d o n e  

u s i n g  pa rampt  e r s  s e t  b>-  t h e  C o i , t  i n e r i t a l  S c i - e h  C O I I \  e )  01 

C c J i l  ‘ ) I  a t  i o n  : l o ] .  T h e  cori t  i n l : o u s l y  h e l d r d  b u c k e t s  h a v e  f ~ a n ~ r c i  

u n d e i - s i d v r ,  f o r m i n g  a c h u t e  d n k n  w h i c h  e a c h  s u c c e e d i n g  b u c h e t  c 811 

d i s c h a i  C Y .  T h i s  a l l o w s  f o r  c o n t i n u o u s  d i s c h a r g e  when o p e r a t  iz ig  

a t  slob s p e e d s .  R i v e t s  a t t a c h i n g  t h e  b u c k e t s  t o  t h e  b e l t  s h o u l d  

1 2  
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b e  i n  o n e  h o r i z o n t a l  row t o  a l l o w  f o r  t h e  f l e x i b i l i t y  n e e d e d  k h r n  

t h e  b e l t  p u l l s  t h e  b u c k e t  o v e r  t h e  d r i v e  s h a f t .  

A s e c o n d  b e l t  d r i v e  e l e v a t o r  i s  n e e d e d  a t  t h e  r e a r  o f  e a c h  

v e h i c l e  t o  p i c k  u p  t h e  b e n e f i c i a t e d  m a t e r i a l  a n d  dump i t  i n t o  a 

h o l d i n g  b i n .  

A m e t h o d  was  n e e d e d  f o r  t h e  c o n t i n u o u s  h o r i z o n t a l  moverriertt 

o f  t h e  20% o f  t h e  m a t e r i a l  t h a t  r e m a i n e d  a f t e r  t h e  b e n e f i c i a t i o n  

p r o c e s s .  The  o r e  w o u l d  b e s t  h e  moved f r o m  t h e  f r o n t  o f  t h e  

v e h i c l e  t o  t h e  r e a r  b u c k e t  e l e v a t o r  b y  a screw a u g e r .  

P o w e r  a n d  s i z e  r e q u i r e m e n t s  f o r  t h e  a u g e r  were o b t a i n e d  

u s i n g  screw m o d e l  #10H306  made b y  C o n v e y o r s ,  I n c .  [ l o ]  f o r  t h e  

movemen t  o f  o r e .  P a r a m e t e r s  were s p e c i f i e d  f o r  i l m e n i t e  o r e  a n d  

i n c l u d e d  a 15% c o n v e y o r  l o a d i n g  c a p a c i t y  f o r  i l m e n i t e ,  a 1 6  i n .  

screw d i a m e t e r  t o  h a n d l e  t h e  n e c e s s a r y  v o l u m e  o f  866 f t / h r  a n d  a 

p i t c h  d i a m e t e r  o f  16 i n .  f o r  t h e  h i g h e s t  e f f i c i e n c y .  F u r t h e r  

s p e c i f i e d  d i m e n s i o n s  f o r  t h e  screw a r e  i n c l u d e d  i n  a t t a c h e d  

d e s i g n  f i g u r e .  U s i n g  o t h e r  s p e c i f i e d  p a r a m e t e r s  a n d  f o r m u l a s  

o u t l i n e d  i n  A p p e n d i x  A ,  t h e  c o n v e y o r  s p e e d  was c a l c u l a t e d  t o  b e  

3 8  rpm a n d  t h e  t o t a l  power r e q u i r e d  was  6 . 3  h o r s e p o w e r .  

ANGLE OF ATTACK 

I n  o r d e r  t o  a c h i e v e  t h e  mos t  e f f i c i e n t  operat i o n  o f  t h t *  

s c o o p e r \ \ d r i v e r  m e c h a n i s m ,  the, e n t i r e  m e c h a n i s m  c a n  b e  r a i s r d  and 

l o w e r e d  w i t h  a r a c k  a n d  p i u i o n  s y s t e m  a t t a c h e d  t o  a p i \ o t i n g  airn 

c o n n e c t e d  t o  t h e  f r o n t  a x l e .  I n  t h e  r a i s e d  p o s i t i o n ,  t h e  p i n i o n  

i s  t u r n e d ,  f o r c i n g  t h v  r a c k  up a n d  t h e  f r o n t  a x l e  down ,  r a i s i n g  

t h e  s c o o p e r ‘ d r i v e r  c o m p l e t e l y  a h o l e  t h e  l u n a r  s u r f a c e  so t h -  

v e h i r - l e  can  m o l e  a n d  s t e e r  f r e e l y  w i t h u u t  d i g g i n g .  I n  t h e  

1 3  
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lowered position the pinion is turned in the opposite direr.tion, 

lowering the scooper\driver to a depth of one-third meter into 

the soil. .4t this depth, t he  cross-sectional area that the two 

scooper\,dr.ivers will cover when excavating is 0 . 7 2  m [see figure 

10; .  
The motive source for this pillion wil l  b e  a servo-motor, t h e  

power for which comes from a generator connected into the 

flywheel mechanism. 

I n  addition t o  these design choices, many other alternatives 

were considered for soil collection by the lunar mining vehicle. 

One o f  the first designs considered for soil collection was a 

modification on a front-loading vehicle. A scoop out in front of  

the vehicle would be forced into the soil and the vehicle would 

be pulled toward the scoop, forcing the soil into a catcher\bin 

between them. This was a viable design in that the forward 

motion of the vehicle was incorporated in the method of soil 

collection. It was discounted as not being a smooth, continuous 

operation. 

Another consideration involved R paddle-wheel type di ive. 

The wheel at the rear of the vehicle would bite into the soil, 

0 

picking up soil in the paddle scoops  and pushing the miner 

forward. T h e  s o i l  would be collected in a bin directly in front 

of the w h r e l  as i t  w q s  dumped o f f  b y  each o f  the paddles. T h i s  

desigii w o u l d  ha\e good tract i o n ,  but a gI v C + i  d v a l  o f  d u s t  h o u l c i  

L i f -  11 I C  1. :I UI) and r o c k . :  1 i i  t t i n g  the padd1t.r- wr>uld inhibit s o j  1 

collection. 
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SCOOPER/DRIVER 

The Scooper/Driver assembly l oca ted  a t  t h e  f rontmost  p a r t  of  

t h e  lunar  min ing v e h i c l e  i s  a dual  purpose apparatus. One 

purpose o f  t h e  Scooper/Driver assembly i 5 ?  as t h e  name imp l i es ,  a 

mechanism which w i l l  he lp  propel  t h e  veh ic le .  The Scooper/Driver 

assembly has a center  l i n e  a x i s  p o s i t i o n e d  a t  a 450 ang le  w i t h  

respec t  t o  t h e  center  l i n e  of t h e  v e h i c l e ’ s  main body (F ig.  2 ) .  

When t h e  assembly i s  g iven a forward r o t a t i o n ,  t h e  assembly ha5 a 

tendency t o  r o l l  o f f  center .  A suppor t  s t r u c t u r e ,  l o c a t e d  a t  t h e  

f r o n t  of t h e  assembly, prevents  t h i s  a c t i o n  f rom occu r r i ng  by 

t y i n g  t h e  center  shaf f  together.  T h i s  a c t i o n  aga ins t  a c t i o n  

e f f e c t  causes t h e  assembly t o  d i g  i n t o  t h e  l una r  sur face  and p u l l  

t h e  v e h i c l e  a long a forward path. Th is  i s  an extremely impor tan t  

c h a r a c t e r i s t i c  o f  t h e  assembly due t o  t h e  low g r a v i t y  o f  t h e  

l u n a r  environment. Other t r a c t i o n  devices, such as s imp le  wheels 

o r  track:s, might s l i p  on t h e  l una r  surface. The Scooper/Dr iver 

assembly takes  advantage of  i t s  p u l l i n g  e f f e c t  t o  he lp  p rope l  t h e  

veh ic le .  

k second f e a t u r e  o f  t h e  Scooper/Dr iver assembly uses t h e  

d igg ing  e f f e c t  t o  move mate r ia l  f rom t h e  l una r  sur face  i n t o  t h e  

veh ic le .  The assembly cons is t s  o f  two laye rs ,  t h e  s o l i d  ou ts ide  

l a y e r  and a 1.0 cm. mesh i n s i d e  l a y e r .  4 s i n g l e  i n t e r n a l  

thread, which s p i r a l s  t h e  length  o f  t h e  assembly, i s  used t o  

support  t h e  two l a y e r s  a5 wel l  as move t h e  l u n a r  s o i l  across the  

ass~mb ly .  

The th read i s  connected t o  the center  s h a f t  by support  rods  

e 

I 
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p o s i t i o n e d  every 90° as viewed from t h e  rea r .  The s o l i d  o u t s i d e  

l a y e r  o f  t h e  assembly i s  at tached t o  t h e  ou ts ide  o f  t h e  thread. 

The assembly is d r i v e n  by a. bevel  gear l oca ted  a t  t h e  rearmost 

po5 i  t i  on o f  each Scooper-/Dri ver. The bevel  gears a r e  connected 

t u  t h e  Scooper-/Driver d i f f e r e n t i a l  which can be engaged and 

disengaged f o r  min ing o r  c r u i s i n g  respec t i ve l y .  

The n e t  e f f e c t  of t h e  Scooper is thus: When the 

Scooper/Driver i s  engaged w i t h  t h e  f l ywhee l  a r o t a t i o n  about i t s  

c e n t e r l i n e  s h a f t  i s  caused. This  r o t a t i o n  causes t h e  Assembly t o  

d i g  i n t o  t h e  l una r  s o i l .  The i n t e r n a l  th read p i c k s  up and 

c a r r i e s  t h e  s o i l  t h e  l e n g t h  of t h e  assembly across t h e  t o p  o f  t h e  

1.0  cm. mesh screen. 

4s the 5011 t ransverses  the assembly, t h e  smal l  p a r t i c l e s  of  

s o i l  f a l l  through t h e  screen and ge t  t rapped between t h e  i n s i d e  

l a y e r  and ou ts ide  l a y e r  o f  the assembly, whereas, t h e  l a r g e  

p a r t i c l e s  a f  s o i l  s t a y  on top o f  t h e  screen. When t h e  s o i l  

reaches t h e  r e a r  o f  t h e  assembly one o f  two r o u t e s  can be taken. 

The l a r g e r  s ized  p o r t i o n s  o f  t h e  s o i l ,  t h e  ones t h a t  stayed on 

t o p  of t h e  mesh screen, w i l l  b e  shoved o u t  an opening through t h e  

back af  the assembly and deposi ted overboard by  a shoot. The 

smal le r  s i zed  p o r t i o n s  o f  t h e  s o i l ,  which are t rapped between the 

two laye rs ,  w i l l  f a l l  through an opening i n  t h e  o u t s i d e  l a y e r .  

T h i s  s o i l  w i l l  then be c a r r i e d  i n s i d e  t h e  v e h i c l e 7 s  main body by 

a system of conveyer b e l t s  f nr- f cirther processing. 

The design o f  t h e  Scooper/Driver assembly is b a s e d  o n l y  on 

theory.  I t s  e:.:act a b i l i t y  t o  f u n c t i o n  i n  a l una r  environment i s  

u n k n o w n .  Consequent1 y, improvements can b e  made through accura te  

model t e s t i n g  (which i s  beyond t h e  scope of this course) .  

16 e 
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The  need for human operators in the vehicle is overshadowed 

by the complexity in adapting man t o  s u c h  a hostile environment. 

Man must be equipped with life supports; a tolerable atmospheric 

a n d  thermal environment must b e  present. The hardkare and 

electronics involved simply to maintain a suitable environment 

for the operator implicates added weight, need for waste and heat 

dissipation, and added power consumption. An alternative is to 

have the operators onboard, yet in spacesuits. In this instance, 

human perception (as in peripheral vision) and physical response 

(due to the bulkiness of the suit) are severely limited. T h e  

onboard operator would be unable to perform several functions 

simultaneously, s o  the need f o r  preprogrammed funrt ions is 

realized. The operator in the harsh environment is additionally 

limited by fatigue and can operate less consistently and 

continuously than a preprogrammed machine. When subjected to 

fatigue, judgment may h e  impaired and indecision of the operat or 

can put definite limits on the efficiency of the system. T h e  

harsh lighting on the n~oon's s u r f a c e  can lead to eye strain a n d  

can also limit the time element invo1vc-d for adequate operation. 

.. Although benefits e x i s t  f ( , r  incoryorat ing onboard o1,crators s u r h  

as (accessibilit> to vehicle i n  case o f  immediate operational 

p i - o t ~  1 euis ' , a 1 u n a r  mi nine m c l i  h i r i c  wi t h preprogr ammed opera+ i o n s  , 

e 

c relaying the status of those electronics, is the more desirably 

alternative. a 
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The visual systems act as an interface between man a n d  

machine, and with teleoprrations, an extension of man into 

hostile environments is possible. The human teleoperator is t h 6 -  

core element in the feedback process and exists as a liarnilxi 

transfer function; knowing a desired response, the operator can 

model the existing system l o  compensate f o r  error 311d c a n  b a c k ,  

track to determine the proper system input. For the lunar mining 

vehicle, a closed-loop feedback system is mandatory, even if t h e  

vehicle is preprogrammed. A preprogrammed system is helpful i n  

situations where time delays due to human response is a problem 

(as is the case with the vehicle: actual human operation is a 

problem due to reaction delay, life supports, and fatigue in the 

harsh environment). 

Autonomy of the vehicle, however, is virtually impossible 

due to the complexity of the system and the concurrent expenst.. 

The artificial intelligence aspect, the decision making by the 

machine itself, could n o t  b e  developed enough t o  combat the 

complexity of the lunar mining process (decisions on the 

ingestion rates of material , benef icat ion procedures, 

compensation‘. It would then not only be required to see, but to 

decipher the information provided and t o  act accordingly. 

Supervisory control, the use of computers on tile operator’s end 

to aid in decision mahing ar id a t  the actuator end for adaptile 

control, is suggested in p l a c e  o f  complete autonomy. ,4 remotf 

human operator is vital to determining the restorative processes 

required in maintainence. Humans are more equipped to impr c)vi-rt> 

in analyzing the solutions to maintainence problems. Figures of 

mer-i t s  and performance parameters are import ant in assvssing the 

18 
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system: speed (is i t  controllable and adequate with existing 

power restrictions?), articulateness (each degree of freedom 

complicates the control system), c o s t ,  coi~p1ianc.e (match of t h r  

interface), reliability (will t h e  system function at some 

stipulated condit iun for a predetermined time?), and puher  

requirements, among other parameters. 

The operator should determine the optimal path and procedurt, 

for realizing the goal and should minimize any deviation, error 

(overshoot and undershoot). 

When relaying information to the system from the operator 

and vice-versa, all redundant information should b e  dismissed to 

ease in data storage and transmission. The amount of information 

available for transmission is limited, and the manner of 

execution is similar to that in the human brain, where procedure 

dominates and circumstances art' forgotten to make room for 

valuable input. 

Commands [Fig. 1 3 :  usually take the form of electrical 

stimuli where they are then transduced and manipulated t o  

produce mechanical output and b a c k  again to provide an assessment 

of the situation feedhack. A s  an example, a servomotor may be 

preyrogrammed t o  move a componeiit a predetermined distance. A n  

electronic timer can be employed to decrement and terminate the 

p o s  i t i OII i ng process. SpeeA < +  : I Y C \ I  s a r t  cmylo:--d t o  m e a s u r e  

translational and rotational niv\emPnis of the motors and \ a i  i o u s  

components of t h e  vehicle. Counting may t )P  used with incren:tLntill 

encoders. A photoconductor detects variations in the motion of a 

disk attatchec! to a servom~tor shaft. On the disk itself art. 

black lines, equally spaced. The alternating o p t i c - a l  signal r a n  
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b e  t r a n s d u c e d  i n t o  e l e c t r i c a l  i m p u l s e s ,  w i t h  t h e  f r e q u e n c y  o f  a 

s e r i e s  o f  i m p u l s e s  b e i n g  t h e  numbyr  o f  i m p u l s e s  p e r  r e v o l u t i o n  

t i m e s  t h e  s p e e d  o f  r o t a t i o n  o f  t h e  s h a f t .  T h i s  i n f o r m a t i o n  i s  

stcir fzd a n d  a n a l y z e d  i n  thc .  c o m p u t e r  a n d  r e l a y e d  t o  t h e  o p e r a t o r .  

The  o p e r a t o r  t h e n  i n p u t s  a command f o r  c o m p e n s a t i o n  a n d  t h i s  c a n  

be a c c o m p l i s h e d  t h r o u g h  t h e  u s e  o f  i n p u t ?  i n g  n u m b e r s  t h a t  arc. 

t r a n s m i t t e d  a n d  t r a n s d u c e d  b y  t h e  v e h i c l e ’ s  c o n v e r t o r s  i n t o  

b i n a r i e s  f o r  some  s w i t c h i n g  p r o c e d u r e s  n e c e s s a r y  f o r  c h a n g i n g  t h e  

r e s p o n s e  o f  t h e  a c t u a t o r  e n d .  The  e n t i r e  l o o p  s y s t e m  f o r  a 

s e r v o m o t o r  t o \ f r o m  a l o a d  t o \ , f r o m  t h e  t e l e o p e r a t o r  i s  c o n t a i n e d  

i n  t h e  a p p e n d i x  [ F i g .  1 3 1 .  An a l l - p u r p o s e  c o m p u t e r  h a n d l e s  

s t o r a g e  of i n f o r m a t i o n ,  t i m i n g ,  a i l a l o g - t  o - d i g i t a l  c o n v e r s i o n  a n d  

v i c e - v e r s a ,  a n d  p r o v i d e s  t h e  o u t p u t  i n t e r f a c e  t o  p e r i p h e r a l s .  

F r o m  d i g i t a l - t o - a n a l o g ,  t h e  s i g n a l  i s  a m p l i f i e d  f o r  i n p u t  t o  t h e  

s e r v o m o t o r .  T h e  m o t o r  a c t s  a s  t h e  i n t e r f a c e  b e t w e e n  e l e c t r i c a l  

a n d  m e c h a n i c a l  s y s t e m s .  The  m a j o r  o b s t a c l e  w i t h  t h e  i n c r e m 6 , n t a l  

e n c o d e r s  i s  t h a t  t h e  p h o t o c o n d u c t o r j d i s h  s u b s y s t e m  r e q u i r e s  a 

l i g h t  s o u r c e .  F u r t h e r m o r e ,  a t  v e r y  l o w  s p e e d s ,  t h e  i n c r e m e n t a l  

e n c o d e r s  a r e  u n s t a b l e .  F o r  t h i s  r e a s o n ,  a t a c h o m e t e r  w i t h  A C  

s u p p l y  i s  m o r e  s u i t a b l e  f o r  t h e  r e m o t e  s p e e d  s e n s i n g .  I t s  

i n f o r m a t i o n  i s  r e l a y e d  t o  t h e  c o m p u t e r  a n d  c o n v e r t e d  f r o m  a n a l o g  

t o  d i g i t a l  form, w h i c h  i s  i n  thta p r o p e r  f o r m  f o r  c o m p u t e t -  

a n a l y s i s  a r id  d a t a  t r a n s m i s s i o n .  

h’i t h  t h e s c  l o g i c  schematics f r o m  thc ,  a p p e n d i x ,  t h e  yi’ot  ti: c 

o f  i n p u t / o u t p u t  f o r  t h e  l u n a r -  n i i r j e r  is d e t e r m i n e d .  
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T h e  o p e r a t o r  i s  l i m i t e d  by h i s  r e m o t e n e s s ;  a v i s u a l  s y s t e m  

i s  m a n d a t o r y  f o r  a s s e s s m e n t  o f  t h e  s i  t u a t  io i ! .  T h e  t e l e o p e r a t o r  

i s  t o  b e  g u i d e d  a c r o s s  t h i s  b a r r i e l  w i t h  t h e  a i d  of  t w o  w n b  

c o m m u n i c a t i o n  l i n k s ,  s e n s o r s ,  a n d  f e e d b a c k  c o n t r o l  s y s t e m s .  One 

m e t h o d o l o g y  s u g g e s t s  a s e r i e s  of  p o t e n t i o m e t e r s  t o  r e l a y  a 

e l e c t r i c a l  i m p u l s e s  when a c e r t a i n  f u n c t i o n  h a s  b e e n  p e r f o r m e d  

a n d  t e r m i n a t e d .  A m o r e  s o p h i s t i c a t e d  s e n s i n g  s y s t e m  s u c h  a s  a 

v i s u a l  o n e  s h o u l d  b e  e m p l o y e d  s o  t h a t  i f  a n y  u n p r e d i c t e d  

o b s t a c l e s  a r i s e ,  a n o t h e r  c o u r s e  o f  a c t i o n  c a n  b e  i m p l e m e n t e d  f rom 

o p e r a t o r  t o  a c t u a t o r .  P o t e n t i o m e t e r s  a r e  h e l p f u l  when c o n n e c t e d  

t o  m i r r o r s  a n d  f i l t e r s  t o  m o n i t o r  m o v e m e n t .  With a c y b e r n e t i c  

s y s t e m  ( p r e p r o g r a m m e d ) ,  t h e  s e n s o r s  a c t  a s  b a c k u p  s y s t e m s .  T h e  

a c t u a t o r  s u b s y s t e m  o f  t h e  v i s u a l  system w i l l  e n t a i l  t h e  i m a g e  

s e n s o r  a n d  p o s i t i o n i n g  a n d  m o n i t o r i n g  c o m p o n e n t s .  T h e  c o n t r o l  

s u b s y s t e m  w i l l  i n c l u d e  t h e  human o p c ~ r a t o r  t o  cumpart .  d a t a  a n d  

mahe  o p e r a t i o n a l  c o r r e c t i o n s .  

T h e  t y p i c a l  r o b o t i c .  v i s u a l  systems a r e  t h e  f o l l o w i n g :  a 

l i g h t  s o u r c e  ( d r a w b a c k s :  t h e  l i g h t  s o u r c e  f r o m  t h e  s u n  c a u s e s  

s e n s i t i v i t y  t o  h i g h  i n t e n s i t y  l i g h t ) ,  ima&:t. s e n s o r  ( d r a w b a c k :  

l i m i t e d  d e p t h  p e r c e p t  i o n ,  l i m i t e d  r e s o l u t i o n ,  t h e r m a l  i n s t a t l i l i t y  

o f  t h e  e n v i r o n m e ~ i t  I ,  i m a g e  c i i g i t i z P t - ,  f e a t u r e  e x t  r a c t o r \ % s c l a t a  

C O I I I ~ ~ C ~ C ~ ~ ,  s y s t e m  c o n t r o l  c o m I ) u t e r ,  o u t p u t  a n d  p e r i p h e r a i s .  I F > k .  

1 3 ; .  

A l t h c ) u g h  t h e  t y p i c a l  imcigt. s e n s o r  u t i l i y e d  i s  a v i d i c o n  t u L e ,  

c h a r g e  c o u p l e d  d e v i c e s  h a v e  b e e n  f o u n d  t o  b e  m o r e  r e s i l i e n t  t o  

s h o r k ,  s m a l l e r ,  a n d  h a v e  g r e a t e r  s e n s i t i v i t ~ .  C h a r g e  C O u i ~ ! r ~ ~ ’  
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d e v i c e s  work we11 i n  v e r y  l o w  l i g h t  a n d  a r e  g o o d  i n  b r i g h t  l i g h t ;  

t h e  i m a g e  t y p i c a l l y  i s  n o t  b u r n e d  o n t o  t h e  p h o t o s e n s i t i L e  

c o m p o n e n t .  T h e  e n t i r e  v i d e o  p a c k a g e  i s  s m a l l e r  t h a n  w i t h  a 

v i d i c o n ,  s o  l e s s  i n e r t i a  e x i s t s  h h e n  g v i n g  t h r o u g h  d y n a m i c  

l o a d i n g s .  T h i s  f a c t  r e d u c e s  t h e  n e e d  f o r  c o m p e n s a t i o n .  C h a r g e  

c o u p l e d  d e v i c e s  (CCD) c o n s i s t  o f  s o l i d  s t a t e  s i l i c o n  i m a g e  s e n s c r  

a r r a y  ( a  g r i d  o f  s e m i c o n d u c t o r s  on  a n  i n t e g r a t e d  c i r c u i t  i .  T h e y  

h a v e  s u c c e s s f u l l y  p e r f o r m e d  o n  t h e  G a l i l e o  J u p i t e r  O r b i t e r  

m i s s i 011 . I n  a n  i m a g i n g  c a y a c i t j ,  t h e  C C D  i s  a c c o m p a n i e d  b y  a n  

e l e c t r o m a g n e t i c  f o c a l  p l a n e  s h u t t e r .  T h e  i m a g e  d i g i t i z e r  i s  a 

f a s t  , e i g h t  b i t  a n a l o g - t o - d i g i t a l  c o n v e r t e r  t h a t  s t o r e s  t h e  i m a g e  

t o  b e  a s s e s s e d  b y  t h e  g e n e r a l  p u r p o s e  o n b o a r d  c o m p u t e r .  W i t h  

o n b o a r d  d a t a  s y s t e m s ,  t h e  p r o c e s s i n g  i s  l i m i t e d  b y  t h e  v i d e o  d a t a  

b e c a u s e  t h e  h i g h  v o l u m e  d a t a  is of  a c o n t i n u o u s l y  c h a n g i n g  

n a t u r e .  T h e  f e a t u r e  e x t r a c t o r i d a t a  c o m p a c t o r  r e l a y s  p e r t i n e n t  

i n f o r m a t i o n  d e r i v e d  f rom i n h e r e n t  a l g o r i t h m s .  I t  p r o v i d e s  h i g h  

s p e e d  p r o c e s s i n g  o f  i n p u t  i m a g e  d a t a  a n d  p a t t e r n  r e c o g n i t  i o n  

s y s t e m s .  I f  t h e  v e h i c l e  were c o m p l e t e l y  a u t o n o m o u s ,  t h e  p a t t e r n  

r e c o g n i t i o n  i s  a m u s t ,  f o r  i t  i s  i m p o r t a n t  t h a t  t h e  m a c h i n e ,  s a y  

u n d e r  d y n a m i c  l o a d i n g  o r  i t s  camera a b n o r m a l l y  p o s i t i o n e d ,  

r e a l i z e  t h e  " s a m e n e s s "  o r  d i f f e r e n c e  o f  t h e  i m a g e ,  r e g a r d l e s s  o f  

t h e  window t a k e n .  T h e  i n h e r e n t  d e g r e e  o f  d i f f i c u l t y  r e q u i r e d  f o r  

t h i s  t a s k  m a k e s  t h e  i m a g e  s e n s o r  r e l a y  t o  a t e l e o p e r a t o ~  R m o 1 - e  

d r - s i r  a b l e  a l t e r n a t i L e .  F u r t h e r m o r e ,  k i t h  a u t o n o m 5 ,  t h v  \ ~su~37. l  

systein must c l t ic ide  t c ,  r e - o r i e n t  a n d  t r a n s l a t e  i t s e l f  u n t i l  i t  

a c h i e v e s  a r e c o g n i z a b l e  p a t t e r n .  ( E x a m p l e :  cameras e n c o u n t  t r  

c c ~ m ~ > l c t e  d a r h n e s s ,  a n d  t e r m i n a t e s  t h e  t r a n s l a t i o n  by  n o t i n g  t i i f .  

d i f f e r e n c e s  i n  g r a y  l e v e l s ' .  
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T h e  t e l e v i s i o n  s y s t e m  s h o u l d  a l s o  be  c a p a b l e  o f  r e c e i v i n g ,  

d e c o d i n g ,  a n d  i m p l e m e n t i n g  c e r t a i n  commands €rom t h e   pera at or-: 

r o t a t i n g  f i l t e r  w h e e l ,  c h a n g i n g  f o c u s ,  o r  r e p o s i t i o n i n g  t h e  

c a m e r a  o r i e n t z t  i o n .  

D e p t h  p e r c e p t i o n  i s  a n e c e s s a r y  c o n d i t i o n  b e c a u s e  t h c  

v e h i c l e  w i l l  e n c o u n t e r  u n f o r s e e n  c r a t e r s ,  a n d  i t  m u s t  b e  a b l e  

t o  d i s t i n g u i s h  d i s t a n c e s  t o  o b s t a c l e s .  T w o  cameras s h o u l d  b e  

u t i l i z e d  f o r  d e p t h  p e r c e p t i o n ,  b u t  a problem o f  a d d e d  w e i g h t  i s  

e n c o u n t e r e d .  T h e  s e c o n d a r y  c a m e r a ,  t h o u g h ,  a c t s  a s  a n  i n h e r e n t  

b a c k u p  s y s t e m .  [ F i g . l 3 ]  One camera c o u l d  b e  u t i l i z e d ,  a n d  

c o n t i n u o u s  m o t i o n  i n  t h e  z - d i r e c t i o n  t o  g i v e  t h e  p r o p e r  

p e r c e p t i o n  is a p o s s i b i l i t y .  P r o b l e m s  a r i s e  d u e  t o  r e d u n d a n c y ;  

t h e  camera is  r e i t e r a t i n g  p r e v i o u s l y  p h o t o g r a p h e d  i m a g e s .  A n o t h e r  

i m p o s e d  d i f f i c u l t y  i s  t h e  c o m p u t e r  m u s t  r e c a l l  t h e  e x a c t  p o s i t i o n  

f o r  s u p e r p o s i t i o n  on t h e  r a s t e r  s c a n .  ( A  r a s t e r  s c a n  i s  t h e  way 

i n  w h i c h  i m a g e s  a r e  r e l a y e d  t o ,  s a y ,  a t e l e v i s i o n  c o n s o l e ,  b y  u s e  

of  a p r e d e t e r m i n e d  p o s i t i o n i n g  o f  b i n a r i e s  o n t o  t h e  s c r e e n .  T h e  

b i n a r y  d i g i t s  may i n d i c a t e  t h e  p r o p e l  b r i g h t n e s s ,  

b l a c k / w h i t e , ’ g r a y  l e v e l s ) .  O n e  p r o p o s e d  b u t  e l i m i n a t e d  

a l t e r n a t i v e  i s  t h a t  e a c h  c a m e r a  i s  s t a t i o n a r y  r e l a t i v e  t o  t h e  

o t h e i . ,  b u t  i f  o n e  s i d e  o f  the  v e h i c l e  were t o  e l e v a t e  a t  a 

d i f f e r e n t  t i m e  t h a n  t h e  o t h e r  o r  n o t  a t  a l l ,  t h e n  t h e  s c a n  would 

n o t  s u p e r i m p o s e  p r o p e r l y .  Cornpensat i or1 and d a m p e r s  w o u l d  t h e n  b e  

r e q u i r e d ,  s o  a t t i t u d e  i s  adjusted t o  m a i n t a i n  a p r e d e s c r i b c d  

le \ . r . I .  R e f e r r i n g  t o  F i g .  1 4 ,  t h e  cameras s h o u l d  be  a l l o w e d  t o  

t r a n s l a t e  a l o n g  t h e  > - a x i s  s o  a s  t o  b e  p o s i t i o n e d ,  w i t h  

s e r v o m o t o r s ,  t o  sec’ d i r e c t l y  i n  f r o n t  o f  t h e  v e h i c l e  a n d  b e y o n d .  

A s y s t e m  c o u l d  b e  e m p l o y e d  s u c h  t h a t  t h e  a c t i o n s  o f  t h e  c a m e r a s  
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c o u l d  b e  c l o s e l y  c o u p l e d  w i t h  t h e  o p e r a t o r ’ s  h e a d  a n d  a s y s t e n -  

u s e d  t o  d e t e c t  e y e  m o t i o n s  f o r  f i n e r  c o n t r o l  a n d  r e s o l u t i o n .  The  

s y s t e m  w o u l d  t h e n  f o l l o w  t h e  a c t i o n s  o f  c e r t a i n  p a r t s  o f  t h e  

o p e r a t o r ’ s  b o d y  [ F i g .  1 3 3 .  

T o  v i s u a l i z e  t h e  r ek r  o f  t h e  v e h i c l e ,  t h e  cameras c o u l d  

r o t a t e  a b o u t  t h e  z - a x i s ,  b u t  upon  rnaIiirll t h e  1 8 0  d e g r e e s  o f  

r e v o l u t i o n ,  t h e  camera w o u l d  e s s e n t i a l l 3  b e  u p s i d e  down a n d  

e i t h e r  o p e r a t o r  o r  t h e  c a m e r a  m u s t  b e  a b l e  t o  a n a l y z e  t h e  i m a g -  

c o r r e c t l y .  T o  a v o i d  t h i s  p r o c e s s ,  b o l h  c a m e r a s  w i l l  l e  a b l e  t o  

r o t a t e  360  d e g r e e s  a b o u t  t h e  y - a x i s .  P l a n a r  m i r r o r s  p o s i t i o n e d  

o n  t o p  o f  t h e  f l y w h e e l  c o n t a i n e r  a n d  a n o t h e r  a t t a t c h e d  t o  t h e  

s i d e  o f  t h e  r ea r  p a n e l  s h o u l d  p r o v i d e  a d e q u a t e  v i s i o n  i n  t h e  r e a r  

f o r  t h e  c o u p l i n g  p r o c e d u r e  w i t h  the> o r e  t r a n s p o r t .  The cameras 

s h o u l d  b e  p o s i t i o n e d  p a r a l l e l  t o  e a c h  o t h e r .  I n  d e a l i n g  w i t h  

e x t e n d e d  d i s t a n c e s ,  t h e  human e y e s  a r e  e s s e n t i a l l y  p a r a l l e l ,  a n d  

a r e  c r o s s - e y e d  f o r  o n l y  a v e r y  s h o r t  d i s t a n c e  c l o s e  t o  t h e  

v i e h e r .  A p r o p e r  a p e r a t u r e  a n d  a w i d e  f i e l d  o f  v i e w  a r e  

n e c e s s a i - y  t o  p r o d u c e  c l e a r  i m a g e s  f r o m  r a n g e s  o f  o n e - t e n t h  o f  a 

meter t o  a b o u t  1 0 0  m c . t e i - s  away.  

C a l i b r a t i o n  o f  t h e  cameras i s  i m p o r t a n t ,  b e c a u s e  ( a s  on  t h e  

V o y a g e r  m i s s i o n j  when i m a g e s  a r e  s t o r e d  o n  a p h o t o c o n d u c t o r ,  2 

n o n u n i  form sc an a r r a )  i s  g r n e r a t  e d .  T h e  r e s u l t i n g  p h o t  o g r a p h s  

f r o m  1’c)yagt~:- were g e o m t ~ t r i c a i ! ~  d i s t o r t e d ,  a n d  t o  c o r r c i t  t h i s ,  . i  

s u b s y s t e m  of  m e t a l l i c  d o t s  ( r e s e a u  m a r h s ,  a s ; l e c i f i e d  d i s t i r i c t  

from o n e  a n o t h e r )  remain on t h e  p h o t o g r a p h s .  I f  t h e ?  a r t .  

d i s t o r t e d ,  t h e  d e g r e e  o f  d i s t o r t i o n  o f  t h e  d c t s  i n d i c a t e s  t h e  

d e g r e e  o f  d i s t o r t i o n  o f  t h e  p h o t o g r a p h s .  D u r i n g  t h e  F’o?:i?<.r- 

m i s s i o n ,  f o c u s i n g  w a s  a c c o m p l i s l l e d  b \  c o n c e n t r a t  i n ?  on t h e  
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P l e i a d e s  c o n s t e l l a t i o n  a n d  t h e  l e n s e s ’  e x a c t  f o r a 1  l e n g t h  w a s  

d e t e r m i n e d  w i t h  k n o w l e d g e  o f  t h e  d i s t a n c e  b e t w e e n  V0yagt.1- ar‘d t h e  

c o n s t e l l a t i o n .  Some s o r t  o f  c a l i b r a t i o n  f o r  t h e  l u n a r  m i n i r i t  

v e h i c l e  c o u l d  a s s i m i l a t e  t h i s  p r c ~ c e s s ,  s u ( h  a s  f o c u s i n g  on a 

k n o h n  l a n d m a r k  on t h e  s u r f a c e .  

T e m p e r a t u r e  i s  a m a j o r  c o n s i d e r a t  i o n  w i t h  r e g a r d  t o  t h e  

c a m e r a s ’  l e n s  p l a t e s .  P l a s t i c  c a n n o t  b e  u s e d  t o  p r o t e c t ,  d u e  t o  

t h e  f a c t  t h v  u l t r a v i o l e t  rays c a n  d e g r a d e  t h e i r  p e r f o r m a r l c e  a n d  

d e s t r o h  t h e  p l a s t i c .  A r a d i a t i o n  s h i e l d  m u s t  b e  u s e d ,  o n e  t h a t  

isill n o t  f a l t e r  i n  t h e  p r e s e n c e  o f  t h e  e x t r e m e  t h e r m a l  s t r e s s e s ,  

p i t t i n g ,  a n d  d e p o s i t s  o f  d u s t  a n d  m e t a l l i c  d e p o s i t s .  P u t t i n g  

s o m t .  s o r t  o f  e l e c t r o n i c  c h a r g e  s u c h  a s  d e p o s i t e d  i o n s  c o u l d  d e t e r  

t h i s  a c t i o n .  I n  a d d i t i o n  t o  t h i s  c h a r g e ,  p o s i t i o n i n g  t h e  cameras 

u p  a n d  away f r o m  t h e  main b o d y  of  t h e  v e h i c l e  s h o u l d  a i d  i n  

a l l e v i a t i n g  t h e  d u s t  a c c u m u l a t i o n  o n  t h e  l e n s e s .  ( S i n c e  i n  a n  

a b s o l u t e  e n v i r o n m e n t  a n d  e x p e r i e n c i n g  o n l y  o n e - s i x t h  t h e  g r a v i t y  

o f  e a r t h ,  t h e  d u s t  p a r t i c l e s  s h o u l d  f o l l o w  e s s e n t i a l l >  a 

t r - a j e c t o r - >  p a t t e r n ,  p e a k i n g  a t  s u m 6  h e i g h t ,  d e p e n d i n g  on  t h e  

s p e e d ,  w e i g h t  o f  t h e  p a r t i c l e ,  e t c . ) .  A h e a t e r  w i l l  b e  e m p l o y e d  

t u  p r o t e c t  t h e  t e m p e r a t u r e  s c ’ n s i t i v e  e l e m e n t s  a n d  will b e  

a u t o m a t i c a l l y  c o n t r o l l e d  a n d  a c t i v a t e d  i f  a minimun: t e m p e r a t u r e  

r e q u i r e m e n t  i s  s u r p a s s ~ d .  I n  t i l +  p a s t  , t h i n  c o a t  ixigq h a v e  bet.11 

a p p l i e d  t o  t h e  l e n s  s y s t e m s  t o  r e d u c e  t h e  e f f e c t s  o f  p i t t i n g s  a n d  

t h e r m r i l  s t  rc.ssPs l e a d i t t g  t 0 cbptic.al deer  a d a t  i o i , .  T > I ) i c . t l l >  ii.,ed 

c o a t i n g s  a r e  m e t a l i z e d  s e c o n d  s u r f a c e  m i r r o r s  s u c h  a s  Kaptor : ,  

T e f l o n ,  a n d  q u a r t z .  A l u m i n i z c d  T e f l o n  h a d  a d e q u a t e  s o l a r  

a b s o r p t i v i t j  a n d  e m i s s i v i t j  ; b a s e d  on  a s t u d y  b y  A n d r e s ,  B l a i r ,  

a n d  S m i t h  h i t 1 1  H u g h e s  A i r c r a f t  C o .  i n  C u l v e r  C i t b ,  C A j  f c ) [  ;I 
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t h r e e  y e a r  e x p o s u r e .  D u r i n g  t h e  t e n  > c a r  e x p o s u r e  s a m p l e s ,  

s u r f a c e  c r a c k i n g  was n o t e d ,  b u t  n o t  o n  s a m p l e s  o f  w h i t e  p a i n t s ,  

c e r t a i n  m e t a l s ,  a n d  b l a c k  p a i n t s .  V a p o r  d e p o s i t e d  a l u m i n u m  o n  

K a p t o n  seems a g o o d  c a n d i d a t e  f o r  c o a t i n g  o p t i c a l  l e n s e s .  V o s t  

m a t e r i a l s  f o r  t e l e v i s i o n  c a m e r a  l e n s e s ,  a l o n g  w i t h  most o p t i c a l  

c o m p o n e n t s  a r e  c r y s t a l l i n e  a n d  a m o r p h o u s  c e r a m i c s .  But  ceramics  

c o n t a i n  i n h e r e n t  v o i d s ,  c a u s i n g  d i s l o c a t i o n s  t o  p r o y o g a t e  a n d  

u l t i m a t e l y  t o  c a u s e  f a i l u r e .  F u r t h e r m o r e ,  ceramics a r e  s t r o n g  i n  

c o m p r e s s i o n ,  b u t  w e a k  a n d  b i i t t l e  i n  t e n s i o n ;  t h i s  f a c t  c ( 7 u l d  

p o s e  p r o b l e m s  when t h e  camera s u b s y s t e m  i s  e x p e r i e n c i n g  d y n a m i c  

l o a d i n g .  T y p i c a l  m a t e r i a l s  f o r  l e n s  s y b s y s t e m s  a r e  i n c l u d e d  i n  

t h e  f o l l o w i n g :  f l i n t  g l a s s e s ,  c e r i u m - s t a b i l i z e d  g l a s s ,  o r  f u s e d  

q u a r t z .  O r d i n a r y  g l a s s  is most  s u s c e p t i b l e  t o  d a m a g e ,  f u s e d  

s i l i c a  a n d  s y n t h e t i c  q u a r t z  a r e  n e x t  f o l l o w e d  b y  q u a r t z  a s  b e i n g  

t h e  l e a s t  a f f e c t e d .  A l t h o u g h  r a r e ,  d i f f e r e n t  t h i c k n e s s e s  o f  

q u a r t z  c o u l d  b e  e m p l o y e d  o n  t h e  o p t i c a l  c o m p o n e n t s  t o  r e d u c e  

d e g r a d a t i o n .  A l u m i n o s i l i c a t e  i s  v e r y  s u s c e p t i b l e  t o  s u r f a c e  

p i t t i n g  f r o m  p r o t o n s  a n d  i s  t h e r e f o r e  n o t  a g o o d  c a n d i d a t e  f o r  a n  

o p t i c a l  c o a t i n g .  

T h e  c h a r g e  c o u p l e d  d e v i c e  i t s e l f ,  t o  m i n i m i z e  imagt .  d a t a  

d e g r a d a t i o n  d u e  t o  c h a r g e d  p a r t i c l e  a t t a c h ,  % i l l  emylo?; a o n e  

c e n t i m e t e r  t h i c k  t a n t a l u m  s h i e l d  i n  a d d i t i o n  t o  t h e  i o n i z i i i g  

d e p o s i t i n g  m e c h a n i s m .  T h e  s h i e l d  k i l l  n o t  r o \ e r  t l t e  im=tgt 

~ . L A ~ ) ( % L , U I  t ape!-z1tu1-t.. T h e  C C D  h i ? ]  L r  1 o c : i t e d  \ + ; t h i n  t h e  s t r u c  t u r t  

f o r  t h e  c a m e r a  a n d  i s  r e m o k e d  f r o m  s u i f a c e s  i n  c o n t a c t  w i t h  t h e  

h a r s h  e n v i r o n m e n t .  T o  d i s s i p a t e  h e d t ,  a h e a t  p i p e  must b e  u s e d  

a s  a n  i n t e r f a c e  b e t w e e n  t h e  e l e c t r o n i c s  a n d  t h e  o u t s i d e  

e n v i r o n m e n t .  ( A  h e a t  p i p e  i s  s i m p l y  a h e a t  t r a n s f r ,  d t \ I ( e  k j t t l !  
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a h i g h  t h e r m a l  c o n d u c t i v i t y  w h i c h  a c t s  a s  a r a d i a t o r ) .  -4 h e a t  

p i p e  i s  i n h e r e n t l y  s i m p l e  i n  o p e r a t i o n  a n d  i t  h a s  n o  m o \ i n g  

p a r t s ;  i t s  p u r p o s e  i s  t o  m a i n t a i n  n e a r  i s o t h e r m a l  c o n d i t i o n s .  

T h e  e v a p o r a t o r  ~f t h e  f l e x i b l e  h e a t  p i p e  i s  m o u n t e d  t o  t h e  

e l e c t r o n i c s .  The h e a t  f r o m  t h e  e l e c t r o n i c s  v a p o r i z e s  t h e  w o r h i n g  

f l u i d  i n  t h e  e v a p o r a t o r .  T h y  c o n d e n s e r  l e n g t h  i s  n e x t  t o  a f l i i t  

p l a t e  m e t a l .  A t  t h i s  p o i n t ,  t h e  d e s i r a b l t .  s i t u a t i o n  i s  to h a v e  a 

m a t e r i a l  t h a t  h a s  a l o w  s o l u r  a b s o r p t i v i t g ,  b u t  a h i g h  e m i t t a n c e  

( i n f r a r e d ) .  T h i s  f l a t  p l a t e  a c t s  a s  a s e c o n d  s u r f a c e  m i r r o r  ( i t  

r e f l e c t s  i n c o m i n g  s o l a r  r a d i a t i o n  a n d  r e f l e c t s  t h e  i n f r a r e d  

r a d i a t i o n ) .  T h e  v i d e o  e l e c t r o n i c s  a r e  i n s u l a t e d  a n d  c o o l a n t  

e n t e r s  a n d  e x i t s  a b o u t  t h e  e l e c t r o n i c s  a n d  i n s u l a t i o n .  T h e  h e a t  

p i p e  c o n d e n s e r  w i l l  b e  s u r r o u n d e d  b y  a t w o p a s s ,  a n n u l a r  h e a t  

e x c h a n g e r .  F o r  i n c r e a s e d  e f f i c i e n c y ,  t h e  f l a t  p l a t e  r a d i a t o r  c a n  

b e  a n g l e d  p a r a l l e l  t o  t h e  s o l a r  v e c t o r ,  t h e r e b y  m i n i m i z i n g  t h e  

a b s o r p t  i v  i t y .  I n s t e a d  o f  f l u s h - m o u n t i n g  t h i s  p l a t e ,  t h e  p l a t e  

s h o u l d  b e  o r i e n t e d  as i n  F i g .  13 .  T h e  a r e a  i s  d o u b l e d  a n d  

c o n s e q u e n t l y ,  t h e  h e a t  t r a n s f e r  i s  d o u b l e d .  

F i n a l l y ,  t h e  pc.1 f o r m a n c e  p a r a m e t e r s  o f  t h e  c h a r g e  c o u p l e d  

d e v i c e s  a r e  assessed i n  F i g .  1 3 .  T h e  CCD u s e d  f o r  t h e  G a l i l e o  

J u p i t e r  O r b i t e r  m i s s i o n  w a s  8 0 0  a c t i v e  l i n e s  p c r  f rame a n d  8 0 0  

p i x e l s  p e r  l i n e .  T h e  h o r n  1 c r i ~ : h  d e p e n d s  on  t h e  number  o f  g r a )  

l e v e l s  d * * s i r e d .  C o m p l e t e  i m a g e s  a r e  i n c o r - p o r a t  e d  i n t o  t h P  

s i n g l e - b i t  -at-a-timr t r a n s m i s s i o n  r a t e .  To g l \ e  a n  i n d i c a t i o n  o f  

p o s s i b l e  v a l u e s ,  v i d e o  monochrome b l a c k  a n d  w h i t e )  h a s  a n  a s p e c t  

r a t i o  o f  t h r e e - f o u r t h s  a n d  e a c h  f rame h a s  t w o  f i e l d s ,  a n d  e a c h  

frame i s  made o f  5 2 5  s c a n  1 ; n e s .  E a c h  f i e l d  i s  d r a w n  on f l e t - )  

o t h e r  s c a n  l i n e  e i e r y  o n e  s i x t i e t h  o f  a s e c o n d ,  a n d  t h e n  t h e  ne-xt 
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LASERS 

Lasers have been impljcated a s  a source of powr:- 

transmission. The benefits of utilizing lasers a s  opposed tc, 

other systems are as follows: 

-Directly solar I~umi~ed (pumping is a process in which 

electrons are excited to an upper energy state whereby more 

clttctrons art: lecated in t h e  upper than lower stat.e inducing 

instability; the transitions to lowest energy state, simply, will 

result in lasing action (stimulated emission)). The direct solar 

pumped system implies no replenishing o f  pump source and power 

SUPPl Y. 

-Lasers systems are four times smaller than microwave 

systems, for transmitting the same amount of power. (The 

consensus is for relaying through a sat.ellite system from the 

teleoperator). 

-Lasers have inherent 1)- small beam divergence (beam spread' 

and have good collimating capacities. Most have a small 

wavelength. A l l  the yredtsscribed characteristics are ideal f o r -  

remote energy transmission. 

-Since lasers are essentially monochromal i o  and coherent, 

communications signals a r e  r iot  distorted i s s  in randorr. 

sycirit  a n e o u s  light: and a1.c thereby e a s i l y  directed and detec.1 ~ d .  

0 A good candidate f o r  the type o f  laser is the ir:dir.ec.f 

blackbody s o l a r  pumped l a s e r  fc!r its efficivncy. Bla:.L:!(:G.. 

radiation is used to excite and pump carbon dioxide. A c a r b c n  

d i  o x j  d e  s y s t e m  yit:lds a hig1i--yowereO l a s e r . ,  used in machining e 
.) 
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p r o c e s s e s  s u c h  a s  m e t a l  c u t t i n g .  T h e  d i r e c t l y  s o l a r  pumped CFI 

37 l a s e r  i s  p r o d u c e d  t h r o u g h  t h e  a b s o r p t i o n  o f  s o l a r  r a d i a t i o n .  

T h i s  p u m p i n g  m e c h a n i s m  i n d i c a t e s  fersest c o n L e r s i o n  s t e p s  f l - ( \v  

s u i i l i g h t  t o  e l e c t r i c a l  p o w e r .  T h e  o : z t i r a l  e f f i c i e n c y  i s  lo t , ,  h u t  

thc.  o v e r a l l  e f f i c i e n c y  i s  h i g h r i  d u e  t o  l e s s  c o m p o n e n t s  i n v o l \ c d .  

Kuclear  pumped l a s e r s  a r e  i n f e a s i b l e  d u e  t o  the d i s a d v a n t a g e  o f  a 

r e 3 u i r e d  g a s  c o r e  r e a c t o r  t ? i a t  k o u l d  a d d  e x c e s s  w e i g h t  a n d  

m a i n t a i n a b i l i t y .  A p r e d o m i x ~ a n t  prot11em w i t h  u s i n g  l a s e r s  i s  t h e  

h i g h  t h r e s h o l d  r e q u i r e m e n t  f o r  c o n t i n u o u s  l a s i n g .  H i g h  t h r e s l ~ o l d  

i m p l i e s  i n s t a b i l i t y  a n d  d i f f i c u l t y  o f  m a i n t a i n i n g  l a s i n g  a c t i o n .  

F u r t h e r m o r e ,  d e p o p u l a l  i o n  i t h e  p r o c e s s  o f  r e d u c i n g  t h e  n u m b e r  of  

e l e c t r o n s  p r e s e n t  i n  t h e  u p p e r  s t a t e )  h i n d e r s  l a s i n g  a n d  o c c u r s  

d u e  t o  t h e  i n c r e a s e  i n  t h e  t r i p l e  s t a t e  d e n s i t y  ( t h e  l e v e l  i s  

s a t u r a t e d  w i t h  e n e r g y  a n d  d o e s  n o t  want  t o  r e l i n q u i s h  i t j  c a u s i n g  

n o  l a s i n g  a c t i o n .  T h i s  a c t i v i t y  i s  p a r t i c u l a r y  p r e v a l e n t  i n  t h e  

d y e  l a s e r s ,  w h i c h  a r e  l i q u i d  l a s e r s  t h a t  h a v e  an a c t i v e  m e d i u a  o f  

a n  o r g a n i c  d y e  d i s s o l v e d  i n  a s o l v e n t .  T h e  a d v a n t a g e s  o f  t h i s  

l a s e r  o ~ e r  t h e  d o p e d  i n s u l a t o r  l a s e r s  ( w h o s e  a c t i v e  medium i s  a 

r e g u l a r  a r r a y  o f  a t o m s )  i s  t h a t  i n h o m o g e n e i t i e s  i n  t h e  d o p e d  

i n s u l a t o r ' s  c r y s t a l  s t r u c t u r e  c a n  g r e a t  1y d e g r a d e  i t s  c o h e r e n c e .  

Thc. d y e  l a s e r  d o e s  n o t  d i s y l a \  t h i s  p r o b l e n i .  

H i g h  d a t a - r a t e  c o m m u n i c a t i o n s  a r e  p o s s i L l e  w i t h  l a s e r s  

( a  t j p i c a l  v a l u t .  I S  f i \ e ' m i l l i o ~ r  b i t s  1 3  I -  s e c o n d  f o r  c o n t  i n u o u c  

t e l e ~  i s i o i i ' .  R e q u i r e d  power 1 e v t . l ~  f o r  m a i n t a i n i n g  t h e s e  l a s e r s ,  

O I P I  a d i s t a r l ( e  t o  P l u t o  f r o m  e a r t h  w i t h  a one  meter dian1e: t . r  

t r a n s m i  t t e r  a n d  t e n  meter  r ece i  \ er, a r e  a s  f o l 1  o h s :  

- C a r b o n  d i o x i d e  l a s e r :  2 kh: 

-Visible l a s e r .  100  hh 
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S o u r c e :  p .  2 0 ,  J o n e s  a n d  Young.  A Hig_h:_Phwcr Spac_e: 

To beam a p o w e r  l e v e l  o f  1 0 0  kW, t h e  r e q u i r e d  c o l l e c t o r  d i a m e t t . r  

a n d  m d s s  i s  f o r t y -  t w o  meters a n d  1 0 , 0 0 0  h g ,  i n  a s s u m i n g  some 

o r b i t a l  p o s i t i o n  w i t h  r e g a r d  t u  t h t .  moon.  T h t s c .  l a r g e  structures 

a r e  i n h e r e n t l y  u n s t a b l e .  ( T h e s e  f i g u r e s  a r e  c o n s i s t e n t  w i t h  t h e  

s o l a r - p u m p e d  l a s e r  s a t e l l i t e  s y s t e m  d v p i c t e d  i n  F i g .  15, p .  18, 

J o n e s  a n d  Young.  

The  i n s t a b i l i t y  o f  t h e  l a s e r s  r e d u c e s  t h e i r  r e l i a b i l i t y .  

M a i n t a i n i n g  s a t e l l i t e s  a n d  c r e a t i n g  t h e  h a r d x a r  e a r e  a l l  e c o n o m i c .  

f a c t o r s  t h a t  c o u l d  b e  r e d u c e d  s i m p l y  b y  u s i n g  o n b o a r d  p o w e r  

g e n e r a t i o n .  P o s i t i o n i n g  t h e  r e m o t e  l a s e r  t o  c o n n e c t  w i t h  t h e  

c o l l e c t o r s  c ' f  t h e  c o n t i n o u s l y  m o v i n g  v e h i c l e  w o u l d  b e  d i f f i c u l t  

t o  a c h i e v e  a n d  m a i n t a i n .  A n o t h e r  l i m i t i n g  f a c t o r  i s  t h e  a d d e d  

w e i g h t  o f  t h e  c o l l e c t o r s  a n d  t h e i r  s i 7 e .  E v e n  t h o u g h  t h e r e  i s  

s m a l l  beam d i v e r g e n c e ,  o x e r  e x t e n d e d  d i s t a n c e s ,  t h e  b e a m ' s  

d i a m e t e r  c a n  b e c o m e  many t imes  t h e  i n i t i a l ,  i m p l i c a t i n g  a l a r g e  

c o l l e c t o r .  S i m i l a r ) ,  i f  t h e  t r a n s m i s s i o n  were t o  b e  f r o m  a 

remote l u n a r  p o s i t i o n ,  s i m i l a r  p r o b l e m s  would o c c u r .  An 

a l t e r n a t e  m e a n s  of  p o w e r  t r a n s m i s s i o n ,  b a s e d  on  t h i s  a n a l b s i s ,  

m u s t  L f  d e t  cxrminrd .  i L a x 6  r p r o p u l  s 1 or .  c \ s t ems, t h e  p i  oc e s s  o f  

p h y s i c a l l y  m o L i n g  a v e h i c l e  b >  u s e  o f  a l a s e r ,  i s  a p o s s i b i l i t >  . 
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VI. POWER TRAIN 

POWER REQUIREMENTS 
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The power required for the miner comes from several sulsy- 

stems : the digging process itself, rolling resistance of the 

machine, inertial forces at startup, the conveyors and augers 

that lift and move the soil in the machine, the beneficiation 

process consisting of electrostatic and magnetic separation, and 

miscellaneous electrical requirements. These subsystems will be 

considered individually with respect to their power requirements. 

The power required by the digging process is extremely 

difficult to est imat e. Because of the complex parameters 

involved in soil mechanics and the complicated geometry of the 

digging cups, any sort of analytical estimate is nearly impos- 

sible. The optimum method of determining digging power would be 

t o  build a scale model with "scale soil" and use dimensional 

analysis to find power requirements for the prototype. Since 

this is out of the scope of this project, the only alternative is 

to examine terrestrial excaiation machinery and attempt to relate 

engine horsepower on these machines t o  power necessary on a lunar 

mining machine, keeping in mind differences in soil and power 

necessary for lifting the soil. The method used sets u p  a 

propoi-t i o n  based 0 1 1  speed  o f  forward progress and cross-sectional 

area of the dug s o i l  to f i i i r l  an order-of-magnitude approximation 

for p o h e i  :See Figure !O . F e r h a p s  t h e  earth machine closest t o  

the lunar digger is a trencher, a device which digs a relatively 

small linear treilch for- cable a n d  pipe installation. S e i e r a l  
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s u c h  m a c h i n e s  were e x a m i n e d  t h r o u g h  t h e  v e n d o r  c a t a l o g s .  T h e  

b e s t  e x a m p l e  was t h e  D i t c h  W i t c h  combo,  w h i c h  h a s  f o u r  mcidc,ls 

r a n g i n g  i n  p o w e r  from 30 t o  65 h p  f l l j .  B a s e d  on  s u c h  

c o m p a r i s o n s ,  we e s t a b l i s h e d  t h e  p o w e r  r e q u i r e d  f o r  d i g g i n g  a t  t h e  

n o r m a l  s p e e d  o f  0 . 2  km/h  t o  b e  on  t h e  o r d e r  o f  4 0  h p .  

T h e  power, u s e d  i n  o v e r c o m i n g  r o l l  i n g  I p s i s  t a n c e  s h o u l d  n o t  

c o n t r i b u t e  g r e a t l y  t o  t h e  o v e r a l l  p o w e r  r e q u i r e m e n t  b e c a u s e  o f  

t h e  v e r y  s l o w  speed  a t  w h i c h  t h e  d i g g e r  p r o c e e d s  d u r i n g  d i g g i n g .  

W i t h  t h e  d i g g i n g  a p p a r a t u s  d i s e n g a g e d ,  h o h e v e r ,  t h e  m a c h i n e  

s h o u l d  b e  a b l e  t o  move s i g n i f i c a n t l y  f a s t e r ,  b u t  p o w e r  r e q u i r e d  

f o r  t h i s  s h o u l d  n o t  e x c e e d  t h a t  f o r  d i g g i n g .  C o n s e q u e n t l y ,  

r o l l i n g  r e s i s t a n c e  h a s  b e e n  n e g l e c t e d .  T h e  same a r g u m e n t  c a n  b e  

u s e d  t o  n e g l e c t  t h e  p o w e r  d u e  t o  i n e r t i a l  ( s t a r t - u p )  f o r c e s .  

T h e r e  a r e  a l s o  e l e c t r i c a l  r e q u i r e m e n t s  f o r  t h e  v a r i o u s  

m o t o r s ,  c o m m u n i c a t i o n s  and c o n t r o l  s y s t e m s  on b o a r d .  T h e  l a r g e s t  

u s e r  o f  e l e c t r i c a l  p o w e r ,  h o w e v e r ,  i s  t h e  b e n e f i c i a t i o n  p r o c e s s .  

T h e  p o w e r  r e q u i r e m e n t s  f o r  t h e  m a g n e t i c  s e p a r a t i o n  p r o c e s s  a r e  

g i v e n  i n  t h e  v e n d o r  c a t a l o g  as 6 . 7  k W  [ 8 ] .  T h e  e l e c t r o s t a t i c  

s e p a r a t o r  i s  s t i l l  i n  t h e  d e v e l o p m e n t a l  s t a g e ,  s o  p o w e r  m e a s u r e -  

m e n t s  h a v e  n o t  y e t  b e e n  c a r e f u l l y  d e t e r m i n e d ,  b u t  t h e  p o w e r  

n e e d e d  c a n  b e  e s t i m a t e d  t o  b e  a l s o  a b o u t  6 . 7  kW [8:. 

CHOICE OF POWER SOURCE 

T h e  c h o i c e  o f  a p o w e r  s o u r c e  b e c o m e s  a n  e n o r m o u s  p r o b l e m  f o r  

a m o b i l e  l a n d  v e h i c l e  on t h t .  moon.  A n )  s o r t  o f  c h e m i c a l  f u e l  

m i i s t  b e  i m m e d i a t e l y  ! . u l e d  o u t  Lt.cr-lust> o f  t h e  t r e m e n d o u s  c u s t  o f  

s h i p p i n g  f u e l  f r o m  e a r t h .  U n f u r t u n a t e l g ,  c h e m i c a l  f u e l  g i v e s  t i le 

bes t  erlerg?: d e n s i t y  ( u s a b l e  e n c ’ I  g y  p e r  u n i t  m a s s )  a v a i l a b l e  [lL‘:, 
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which is of course very important for vehicular app1icatic)ns. 

Power sources that might conceivably work for the miner were 

determined to b e :  photovoltaic, "conventional" storage c e l l ,  

fuel cell, non-cyclic heat engine, laser transmission, a i l 2  

flywheel. 

Photovoltaic power might initially seem to be a reasonable 

power source by taking advantage of the virtually 100% unatten- 

uated beam radiation that the lunar surface receives from the 

sun. However, the energy f l u x  is still relatively low compared 

to other forms of power, and the solar panels required would be 

very large and very heavy, an obvious drawback for a mobile 

vehicle. 

Reversible chemical cells, also known as storage or secon- 

dary cells, have made steady technological progress in recent 

years. Today they are used on a limited basis to power such 

urban vehicles as commuter cars and delivery trucks, with a range 

on the order of 100 miles. Their main drawback is their low 

energy density, requiring very heavy batteries for relat i v e l ~  

modest power requirements 113; .  Fuel cells have a much higher 

energy density, and have t h e  advantage of considerable preLious 

use in space vehicles, including t h e  lunar rover. A s  such, they 

could probably be used i n  the excaLatoi. It must be remembered, 

however, that all chemival energy st orage devices are exothcrniic 

h h e n  discharging 114;, which can lead t o  significant thei-mill 

control problems for space apylicat ions. 

The last three power sources considered are more unconxen- 

tional. The non-cyclic heat engiric is a concept that t a h e s  

advantage of  t ht. large temperature differences occurring ndtu 
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r a l l y  o n  t h e  moon,  a n d  t h e  r e l a t i v e  e a s e  o f  t h e r m a l  i n s u l a t i o n .  

T h y  e n g i n e  i s  p o w e r e d  by small  h e a t  s o u r c e s  a n d  s i n k s ,  c o n t a i n e d  

i n  m a t e r i a l s  w i t h  v e r y  h i g h  s p e c i f i c  h e a t .  T h e  s o u r c e  i s  h e a t e d  

b y  s o l a r  c o n c e n t r a t i o n  t o  a v e r y  h i g h  t e m p e r a t u r e  a n d  s t o r e d  i r i  

an i n s u l a t e d  c o n t a i n e r  u n t i l  n e e d e d ,  a n d  t h e  s i n k  i s  c o o l e d  t y  

r a d i a t i n g  i t s  h e a t  t o  s p a c e  u n t i l  i t  r e a c h e s  t h e  c r y o g e n i c  

t e m p e r a t u r e  r a n g e .  T h u s  a v e r y  l a r g e  t e m p e r a t u r e  d i f f e r e n c e  i s  

e s t a b l i s h e d .  B e f o r e  t h e  v e h i c l e  l e a v e s  t h e  base ,  t h e  w o r k i n g  

f l u i d  i n  t h e  e n g i n e  i s  h e a t e d  t o  a h i g h  t e m p e r a t u r e  a n d  p r e s s u r e  

a n d  t h e  h o t  a n d  c o l d  b r i c k s  a re  i n s t a l l e d .  Heat t r a n s f e r  f l u i d  

c i r c u l a t e s  b e t w e e n  t h e  h o t  b r i c k s  a n d  t h e  f l u i d ,  v a p o r i z i n g  i t .  

T h e  v a p o r  passes  t h r o u g h  a t u r b i n e  p r o d u c i n g  w o r k ,  a n d  c o n d e n s e s  

a t  a s e c o n d  h e a t  e x c h a n g e r  c o n t a i n i n g  f l u i d  f l o w i n g  from t h e  c o l d  

b r i c k s .  T h e  c o n d e n s e d  f l u i d  t h e n  f l o w s  t o  a h o l d i n g  t a n k .  There 

a r e  s e v e r a l  a p p a r e n t  a d v a n t a g e s  t o  t h i s  p r o c e s s :  b e c a u s e  t h e  

p r o c e s s  is n o n c y c l i c ,  i t  i s  no t  l i m i t e d  by t h e  S e c o n d  L a w  ( C a r n o t  

e f f i c i e n c y ) .  I n  a d d i t i o n ,  much o f  t h e  e n e r g y  i n  t h e  f l u i d  i s  

a l r e a d y  p r e s e n t  s i n c e  i t  i s  h e a t e d  a t  t h e  b a s e ,  a n d  t h e  h o t  

b r i c k s  n e e d  o n l y  p r o v i d e  t h e  h e a t  o f  v a p o r i z a t i o n  a n d  r e p l e n i s h  

t h e r m a l  l e a k a g e  l o s s e s .  

T h e  m a i n  d i f f i c u l t y  w i t h  t h e  n o n - c y c l i c  h e a t  e n g i n e  i s  t h e  

p r o b l e m  o f  a n a l y z i n g  i t s  p e r i o r m a n c e .  T h e  p r o c e s s  i s  e n t i r e l y  

0 

t i  a n s i e n t ,  a n d  t h e r e  a r e  a v e r y  l a r g e  x i u m t ) e r  o f  v a r i a b l e s  i o  

c o n s i d e l .  A f a i r l y  s o p h i s t i c a t e d  c o m p u t e r  p r o g r a m  w o u l d  Le 

n e e d e d  t o  f u l l y  a n a l y z e  t h e  process, w h i c h  W a s  n o t  a v a i l a t ~ i r ~  t o  

t h e  g t - o u p .  A l s o ,  i t  was b e l i e v e d  t h a t  t h e  s i z e  a n d  w e i g h t  of t h e  

s o u r c e  a n d  s i n k  w o u l d  b e  a t  l e a s t  as  g r e a t  as a n  ~ ~ l e r t r i c a l  

e 

e 
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storage system. The i d e a  was therefore dropped, although I ?  ma5 

have possibilities for other space applications. 

The concept of powering the machine b y  aiming a high-energJ, 

l a s e r  at a s m a l l  array of photovoltaic cells on the machinv i s  

attractive because the power plant is not carried along with thr 

machine. There are significant problems with aiming the laser, 

possibly by satellite, and the consequences of  hitting an area of  

the machine other than the collector array. Although these 

problems may well be overcome with the current research in the 

Strategic Defense Initiative program, i t  was decided to discon- 

tinue this idea as a power source. 

The last power supply considered, and the one eventually 

adopted, is the high-energy-density flywheel. Although used for 

centuries a s  "load levellers" and short-term, low-energy storage 

devices, advances in composite materials and bearings have made 

flywheels very attracti\,e f o r  a mobile power source. Advanced 

flywli~el designs have efficiencies of close t o  100% [ 1 5 ] ,  energy 

densities far greater than fuel cells for space applications 

[ l e ] ,  and escellent power densities (peal\ power p e r  unit mass) a s  

well [12:. Flywheel storage has compared very favorably to fuel 

cells and 11icke1-hydrogen and nichcl-cadmium storage cvlls f o r  

use on the space station LlG:. 

AI10ther adkantage i s  that m r c h a n l c - a 1  powel-  is c r ) u p l e d  d 1  

r e c t l ) ,  instead o f  haling t o  b e  converted from electrical powel- 

in a n  c * l e c . t 1  ic motor. F l y w h e c ~ l s  also h a v e  a chargeup tinlr aI? 

order o f  magnitude less than chemical cells, and can undergo m a n y  

more charge-discharge cycles. Y a  j o r  disadvantages of flywheels 

i I I C  1 ude : 

3 
.l 5 



c 1. T h e  n e e d  f o r  a c o n t i n u o u s l y  v a r i a b l e  t r a n s m i s s i o n  t o  c o u p l e  

t h e  f l y w h e e l  t o  t h e  l o a d ,  a n d  b e a r i n g s  a b l e  t o  h a n d l e  v e r y  h i g h  

a s p e e d s  w i t h  minimum d r a g .  

2 .  F a t i g u e  a n d  v i b r a t i o n  p r o b l e m s  a s s o c i a t e d  w i t h  the h i g h  

s p e e d s  e n c o u n t e r e d  [ I T ] .  

H o w e v e r ,  t h e s e  p r o b l e m s  can be o v e r c o m e  a n d  a r e  n o t  s u f f i c i e n t  t o  

e e l i m i n a t e  f l y w h e e l s  a s  a n  e n e r g y  s o u r c e .  

FLYWHEEL DESIGN 
0 

T h e  e n e r g y  d e n s i t y  o f  a f l y w h e e l  ( u s e f u l  e n e r g y  s t o r e d  p e r  

u n i t  mass )  i s  f o u n d  a s  follows: 

( e / m )  = (a)(K)(s/w) / n , w h e r e  

z 

0 

e / m  = e n e r g y  d e n s i t y  
n = v e l o c i t y  s a f e t y  f a c t o r ,  o r  ( b r e a k u p  

a = " d e p t h  of  discharge f a c t o r , "  o r  r a t i o  o f  u s e f u l  t o  

K = g e o m e t r i c  shape f a c t o r  
s/w = s t r e n g t h  t o  w e i g h t  r a t i o  o f  f l y w h e e l  m a t e r i a l  

s p e e d ) / ( m a x i m u m  s p e e d )  

t o t a l  e n e r g y  s t o r e d .  

This e q u a t i o n  i s  b a s e d  on t h e  a s s u m p t i o n  t h a t  t h e  maximum 

e n e r g y  o f  t h e  f l y w h e e l  w i l l  o c c u r  h h e n  t h e  stress on t h e  m a t e r i a l  
0 

e 

0 

* . 

e q u a l s  t h e  s t r e n g t h  o f  t h e  m a t e r i a l  d i v i d e d  b y  a s a f e t y  f a c t o r  

f 1 2 ; .  To u s e  t h e  l o w e s t  mass p o s s i b l e ,  i t  i s  t h e r e f o r e  d e s i r a b l e  

t o  o p t i m i z e  a ,  K ,  a n d  s / w .  The  h i g h e s t  K v a l u e  p o s s i h i e  i s  

u n i t y  a n d  i s  o b t a i n e d  f o r  a n  i s o s t r e s s e d  f l y w h e e l ;  t h a t  is, each  

p o i n t  undergoes i d e n t i c a l  s t r e s s e s .  S i n c e  t h i s  c o n f i g u r a t  i o 1 1  i s  

t h i c k e r  i n  t h e  m i d d l e  a n d  t a p e r s  ar iay from t h e  a x i s  1 1 2 1 ,  i t  has 

a r e l a t i v e l y  l o b  moment o f  i n e r t i a  for i t s  w e i g h t  a n d  t h u s  m u s t  

s p i n  a t  v e r y  h i g h  s p e e d s  t o  a c h i e v e  t h e  d e s i r e d  e n e r g y  d e n s i t y .  A 

p e r f e c t  i s o s t r e s s e d  f l y w h e r l  w o u l d  h a v e  ti p e r i p h e r a l  v e l o c i t y  

a p p r o a c h i n g  i n f i n i t y ,  b u t  " r e a l i s t i c , "  n e a r l y  isostressed f l y  
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0 

c 

* 

0 

w h e e l s  h a v e  Ii v a l u e s  r a n g i n g  front 0 . 7  t o  0 . 9 8 .  I n  a c t u a l  p r a c -  

t i c e ,  i s o s t r e s s e d  f l y w h e e l s  c o n t a i ~ i  2 f l a t  o u t e r  r i m  w h i c h  e ; .cr ts  

a r a d i a l  s t ress  on t h e  d i s c  a n d  i n c r e a s e s  i t s  s t r e n g t h .  To k e e p  

p e r i p h e r a l  v e l o c i t i e s  l o w ,  t h e  f l y w h e e l  s h o u l d  be t h i c k  i n  t h e  

a x i a l  d i r e c t i o n .  I n  a d d i t i o n ,  t h e r e  s h o u l d  n o t  b e  a h o l e  t h r o u g h  

t h e  c e n t e r  o f  t h e  f l y w h e e l ,  f o r  t h i s   ill d o u b l e  t h e  maximum 

s t r e s s .  To c o n n e c t  t h e  d i s c  t o  a s h a f t ,  s h o r t  s t u b  s h a f t s  a r e  

b u i l t  i n t o  t h e  f l y w h e e l  a t  t h e  c e n t e r ,  w h e r e  i t  c a n  b e  a t t a t c h e d  

t o  a f l a n g e  on  t h e  s h a f t  [ I 2 3  ( S e e  F i g u r e  7 ) .  

B e s i d e s  h a v i n g  g o o d  s h a p e  f a r t o r s ,  i s o s t r e s s e d  f l y w h e e l s  

h a v e  l o w  g y r o s c o p i c  moment s  c o m p a r e d  t o  t h e i r  w e i g h t  1123.  T h i s  

i s  p a r t i c u l a r l y  i m p o r t a n t  i n  v e h i c u l a r  a p p l i c a t i o n s ,  s i n c e  s u c h  a 

moment c a n  c a u s e  m a j o r  p r o b l e m s  when t u r n i n g  t h e  v e h i c l e .  Much 

of  t h i s  p r o b l e m  c a n  b e  e l i m i n a t e d  b y  o r i e n t i n g  t h e  a x i s  o f  t h e  

f l y w h e e l  v e r t i c a l l y ,  t h e r e f o r e  e l i m i n a t i n g  t h e  g y r o s c o p i c  moment 

on  t h e  y a w  ( t u r n i n g ?  a x i s .  A l t h o u g h  t h e r e  c o u l d  b e  p r o b l e m s  when 

t h e  v e h i c l e  w i t h  a v e r t i c a l  f l y w h e e l  a x i s  i s  on  a s l o p e ,  t h i s  

o r i e n t a t i o n  w o u l d  a i d  i n  r o l l  { t i p p i n g )  s t a b i l i t y .  

T h e  a b o v e  e q u a t i o n  a l s o  a s s u m e s  i s o t r o p i c  m a t e r i a l  p r o p e r -  

t i e s ,  a n d  s o m e  of t h e  b e s t  c a n d i d a t e s  f o r  f l y w h e e l  m a t e r i a l s ,  

a n a m e l y  t h e  f i b e r  c o m p o s i t e s ,  a r e  h i g h l y  a n i s o t r o p i c .  H o w t . ~  e r ,  

m o s t  o f  t h e  s t r e s s e s  G C V U I -  i n  o n e  d i r e c t i o n  ( r a d i a l l y ) ,  a n d  an 

e f f e c t i v e  s t r e n g t h  m a )  be usc-.J. T h e r e  a l e  man!. exotic materials 

w i t h  e x t r e m e l y  h i g h  u l t i m a t e  s t r e n g t h ,  1 -ang ing  u p  t o  2 1 , 0 0 0  $ 4 " ~ ~  

f o r  g r a p h i t e  h h i s h e r s ,  b u t  m o s t  o f  t h e s e  h a v e  h a d  l i t t l e  o r  n v  

a p ~ l i c a t i o n  011 f l y w h e e l s  t o  d a t e .  Thc. m o s t  common m a t e r i a l  f o r  

h i  g h -  t e c h u  c) 1 o g )  s t r e n  g t  11 - t o-we 1 g h  t 

* 

0 

0 f 1 ywhee  1 s i s Kev 1 a r  , w i t h a 
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0 
ratio of 1700 kJikg [ 1 2 ] .  . 

T l i e  depth of discharge factor, a, is the ratio o f  t h e  

difference in kinetic energies of the flywheel at highest and 

l o w e s t  speeds to its kinetic energy at highest speed, and there 
a 

fore is largely dependent on the transmission used. Often the 

lowest speed is about half the highest speed, giving an a value 

of 0.75 [12]. This can be used as  a first approximation before a - 
transmission is chosen. 

With a power requirement target of 5 2  kw C I ~  7 0  hp, t h e  

design of the flywheel maj’ proceed. The following parameters arc  
0 

chosen: 

a 

e 
L 

. 
0 

a 

K = 0.95 
a = 0.75 
n = 1.25 
r = 1.5 m 
Choose Kevlar (1700 kJ/’kg) as material 
Power Duration = 5 hours 
Energy required = 9 4 0 , 0 0 0  k J  

Which results in the following values: 

Energy density of 969 k J / k g .  
Mass o f  the flywheel = 970 k g  
Rotational Speed = 1990 rad,,‘s = 1 9 , 0 0 0  RPM 
Width at Center = 3 2 . 7  cm 

Also considered was a flywheel with a range of txo hours, 

which had a mass o f  388 kg. However, i t  was felt that this w s s  

an inadequate range, so the five-hour flywheel was chosen. 

POWER TRAIN COMPONENTS 

train componerits: flywheel, speed reduce1 , cont ir~uously variai):e 

transmission, and the more common elements such as shafts, 

b e a r i n g s ,  clutches, differentials, bevel g e a r s  and u n i v e r s a l  

joints ! l r i  J ~ .  A l l  h a \ y  special r e q u i r e m e n t s  a n d  consti a i n t s  (:>e 

38 
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to the harsh working environmcnt, which will be subsequently 

discussed. 

Fortunately, the l u n a r  vacuum improves flywheel performanr r% 

in one respect by virtually eliminating aerodynamic drag. High- 

speed terrestrial flywheels are usually rotated in an evacuated 

chamber to reduce drag [ 1 2 : ,  b u t  this need n o t  be done here. The 

vacuum, however, eliminates the option of using liquid-lubricated 

bearings and requires that seals be implemented on devices such 

as transmissions and differentials. These concerns will be dealt 

with in more detail below. 

S P E E D  R E D U C E R S  

Since the flywheel rotates at very high speeds (on the order 

of 20 ,000  rpmj and the drive wheels and digging cups rotate quite 

slowly, a speed reducer o r  series of speed reducers with a very 

high reduction ratio, v e r y  high input speed, and high output 

torque is required. Although a cascaded system of reducers 

should provide a sufficient reduction ratio, problems associated 

with the high input rotational speeds are n o t  easily solved. 

There appear to be few if any reduction units on the market t h a t  

are capable of handling input speeds o f  20,000 rpm, especially 

with the limitations 011 lubrication. Thus a high-input speed 

g e a r  reducer appears to be a comporir-nt t h a t  must be cust uni 

designed for t h i s  project. 

C O N T I N U O U S L Y  V A R I A B L E  T R A N S M I S S I O N  

There art. several types o f  continuously variable transrnis- 

sions ( C V T s , l  on the market, including traction drive, hydrauljc, 
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h y d r o s t a t i c  a n d  e l e c t r i c a l ,  as w e l l  a s  h y b r i d  s p l i t - f l o w  d e v i c e s  

L 1 2 j .  In t e r m s  of  e f f i c i e n c y  a n d  e n v i r o n m e n t a l  c o n s i d e r a t  i o i i s ,  

t . h e  t r a c t i o n  d r i v e  t y p e  a p p e a r s  t o  b e  t h e  most s u i t a b l e .  

H y d r a u l i c  a n d  h y d r o s t a t i c  t y p e s  s u f f e r  f rom e x t r e m e  v i s c o s i t S -  

v a r i a t i o n  w i t h  t e m p e r a t u r e ,  a n d  t h e s e  a s  w e l l  a s  t h e  e l e c t r i c a l  

t y p e  g e n e r a t e  e x c e s s i v e  amour l t s  of h e a t  a n d  e x h i b i t  r e l a t i v e l y  

l o w  e f f i c i e n c i e s .  A t r a c t i o n  d r i v e  t r a n s m i s s i o n  was t h e r e f o r e  

c h o s e n  f o r  t h e  d e s i g n .  

r *  

Most  m o d e r n  t r a c t i o n  d r i v e s  v p e r a t e  w i t h  a s p e c i a l  " t r a c t i o n  

f l u i d "  b e t w e e n  t h e  v a r i o u s  d r i v e  e l e m e n t s  w h i c h  l u b r i c a t e s  t h e  

c o m p o n e n t s .  When a v e r y  h i g h  l o c a l  p r e s s u r e  i s  e x e r t e d  o n  t h e  

f l u i d ,  a s  i n  r o l l i n g  c o n t a c t  b e t w e e n  t w o  m e m b e r s ,  t h e  v i s c o s i t y  

o f  t h e  f l u i d  i n c r e a s e s  d r a m a t i c a l l y ,  c r e a t i n g  a t r e m e n d o u s  s h e a r  

s t ress  w h i c h  t r a n s f e r s  t h e  p o w e r  f l o w  a n d  m i n i m i z e s  s l i p .  Some 

m o d e l s ,  i n  fac t . ,  h a v e  e f f i c i e n c i e s  as  h i g h  a s  955 [ 1 8 ] .  S i n c e  

t . h e  a m o u n t  o f  f l u i d  u s e d  i n  a t r a c t i o n  d r i v e  i s  s m a l l ,  v a c u u n  

s e a l i n g  p r o b l e m s  a r e  r e d u c e d  a n d  t . h e r m a 1  c o n t r o l  i s  much s i m p l e r  

t h a n  i n  o t h e r  t r a n s m i s s i o n  t y p e s .  

One  d r a w b a c k  t o  t r a c t  i o n  d r i v e  t r a n s m i s s i o n s  i s  t h a t  t h e r e  

a r e  r e l a t i v e l y  f e w  m o d e l s  w i t h  a s u f f i c i e n t  h o r s e p o w e r  r a t i n g .  

O f  t h e  t y p e s  r e s e a r c h e d ,  o n l y  t h e  Kopp r o l l e r  d r i v e ,  V a d a t e c  

n u t a t i n g  c o n e ,  R e i e r  d i s c  v a r i a t o r  a n d  E x c e l e r m a t i c  t o r o i d a l  

t y p e s  h a d  m o d e l s  w i t h  t h e  r - e q u i I . t ' c 1  h o r s t ~ ~ u \ i e r  r a t  i n g  { 181. T h e  

lOO-k~p " A "  t y p e  Beier  v n r i a t o r  o r  e q u i v a l e n t  k i i t h  a 4 : l  r e d u c e r  

r a t  i o  a p p e a r s  k - e l i - s u i t  et1 f o r  t1:is a p p l i r a t  i o n .  I t  h a s  a  rat^;! 

i n p u t  s p e e d  o f  875 AP M  a n d  a n  o u t p u t  s p e e d  v a r y i n g  b e t w e e n  68 a n d  

271  HP!bl [ 1 9 ] .  H ~ W E ' V Y I ' ,  i n  a f1?- \<.bt?t l  p o w e r  s y s t e m ,  t h e  i n p i i i  

s p e e d  t o  a CVT i s  c o n s t a n t l y  v a ~ . y i n g  w h i l e  t h e  o u t p u t  s p e e d  a n d  
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torque remain fairly constant (at t h e  minimum output shaft 

speed). At masimum flywheel spcled, thca C V T  input speed will b r  

a t  its rated value of 875 RFM and maximum ratio, while at minimtim 

speed the CVT ratio will be at its minimum value of 875/271 or 

3 . 2 3 : 1 ,  and input speed is (68 RPM: x ( 3 . 2 3 )  = 220 R j y i .  

Therefore, additional reducers must be installed, both betwerr~ 

the flywheel and transmission, and b e t h e e n  the transmission and 

load. The rotational speed of  the drive wheels is approximately 

3.75 RPM, so the transmission-load reducer ratio must be 68/3.75 

= 18:l. The fl3wheei-transmissi~)n reducer must have a ratio of 

appros. ( 1 9 , 0 0 0  RPM)/(875 RPM) or 21.7:1- 

FLYWHEEL BEARINGS 

As previously mentioned, special attention must be made to 

bearing choice in a vacuum application. Liquid lubricants will 

ekaporate very quickly in a vac.uum and thus require hermetic 

sealing a s  well as active thermal control, which adds weight and 

complexit? to the system. Solid lubricants have very low vapor 

pressures, and their lubrication mechanisms are independent of 

ambient temperature and nearly independent of temperature in the 

design temperature range ( - 2 0 0  C to + 2 0 0  C ?  [ 2 0 ] .  This mahes 

them ideal f o r  s!)a(.e aliylicat i o n s .  Therefore, except f o 1  

flywheel uses and heat tr-ansf-i considerat ions ,  bearings used for 

the \-ehic.]e n e e d  1 1 < ) 1  be r a d i c  ‘ : I l > -  clifferrlit from \errts+: : . . l  

roller bearings except f o r  the lubr ic.31 i o n  mechanism. 

The choice of bc.arings fc>r  tht. flywheel is especially 

critical, primaril? because o f  tht. verl h i g h  r o t  at ional s p e e d s .  

In particulal, thcrc i s  a s i g n i f i c a n t  thrust force on t h e  \t.rti 

41 



0 

. 
e 
. 

0 

0 

0 

0 

0 

0 

tal s h a f t  d u e  t o  t h e  w e i g h t  o f  t h e  f l y w h e e l .  T h e r e  s h o u l d  also b e  

a s  l i t t l e  d r a g  a s  p o s s i b l e  on  t h e  s h a f t  w h i c h  w o u l d  d e g r a d e  t h r  

f l y w h e e l  e n e r g y  a n d  c - r v a t e  s i g n i f i c a n t  h e a t  d i s s i p a t i o n .  B e c a u s e  

o f  t h e s e  c o n s i d e r a t i o n s ,  m a g n e t i c -  b e a r i n g s  a p p e a r  t o  b e  t h e  b e s t  

c h 0 i c . e  f u r  f l v w h e e l  a p p l i c a t i o n s .  S i n c e  t h e r e  i s  n o  c o ~ ~ t a c  t 

b e t w e e n  s o l i d  s u r f a c e s ,  t h e r e  i s  n o  w e a r ,  n o  l u b r i c a t i o n  n e e d e d ,  

a n d  d r a g  t o r q u e  i s  e x t r e m e l y  low o v e r  a w i d e  r a n g e  o f  s p e e d s  

[ 2 1 j .  I n  a d d i t i o n ,  t h e y  h a v e  te1-4 h i g h  r e l i a b i l i t y  [22j, maximum 

s p e e d s  w h i c h  c a n  a p p r o a c h  f l y w h e e l  s t ress  l i m i t s  [ Z l ] ,  

i n s e n s i t i v i t y  t o  t h e r m a l  c o n d i t i o n s ,  h i g h  momentum c a p a c i t y ,  a n d  

low i n d u c e d  v i b r a t i o n  [ 2 2 j .  

T h e r e  a r e  b a s i c a l l y  two t y p e s  of  m a g n e t i c  b e a r i n g s ,  a c t i v e  

a n d  p a s s i v e .  A c t i v e  b e a r i n g s  u s e  e l e c t r o m a g n e t s  a n d  e l e c t r o n i c  

c o n t r o l  c i r c u i t s ,  w h i l e  p a s s i v e  b e a r i n g s  e m p l o y  p e r m a n e n t  mag- 

n e t s .  A c t i v e  b e a r i n g s  h a v e  t h e  a d v a n t a g e  t h a t  d y n a m i c  p a r a m e t e r s  

s u c h  a s  s t i f f n e s s  a n d  d a m p i n g  c a n  b e  c o n t r o l l e d .  H o w e v e r ,  

m a g n e t i c  b e a r i n g s  a r e  m a s s i v e  a n d  b u l k y  c o m p a r e d  t o  n o r m a l  

b e a r i n g s ,  a n d  t h e  a c t i v e  ( c o n t r o l i a b l e )  t y p e s  c o n s u m e  p o w e r  r 2 2 : .  

T h e r e  a r e  many c o n f i g u r a t i o n s  o f  m a g n e t i c  b e a r i n g s ,  w i t h  v a r y i n g  

n u m b e r s  o f  d e g r e e s  o f  f r e e d o m  c o n s t r a i n e d  b y  m a g n e t i c  m e a n s .  I n  

s i m p l e  s y s t e m s ,  t h e  t h r u s t  d i r e c t i o n  i s  r e s t r a i n e d  m a g n e t i c a l l y  

w h i l e  t h e  o t h e r  f o u r  d e g r e e s  o f  f r e e d o m  a r e  h a n d l e d  b y  m o r r  

c o n v e n t i o n a l  m e a n s  [ 1 2 ] .  B e c a u s e  t h e  t h r u s t  i s  b y  fa1 t h e  

d o m i n a n t  force or1 t h e  flywherl s ! i a f t  b e a r i n g s ,  a b e a r  i n g  w i t h  

m a g n e t i c  coil tr-01 i n  t h e  t h r u s t  d i r e c t i o n  o n l c  ma! b e  s a t i s f a c  

t o r y .  

E x e n  a m o n g  a l l  m a g n e t  i c  b e a r i n g s  t h e r e  i s  c o n s i d e r a b l e  
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d e s i g n  v a r i a t  i v i i .  T h e r e  a r e  r e p u 1 s i L . e  a u d  a t  t r a c t i v e  p e r m a n e n t  

m a g n e t i c  s y s t e m s ,  b u t  o n l y  t h e  r e p u l s i v e  v a r i e t y  ax-e s t a b l e .  

T h e r e  c a n n o t  e:; i s t a s t a b  1 e ,  comp 1 e t  e 1 y p a s s  i \. c t h r e e - d i m e n  s i on  ;L I 

s y s t e m ;  a t  lrasl o n e  a x i s  o f  t h e  s u s p e n s i o n  m u s t  e m p l o y  a n  a c t l x t  

s t ~ v u m e c h a n i s m .  T h i s ,  h o w e i e r ,  e n t a i l s  a p o w e ~  d r a i n  [ 2 3 ] ,  b h i i r !  

i s  a p r i m e  r e a s o n  f o r  i n i t i a l l y  c o n s i d e r i n g  m a g n e t i c  b e a r i n g s .  

T h i s  i s  o n e  a r g u m e n t  i1 ,  f a v o r  o f  u s i n g  h y b r i d  m a g n e t i c  a n d  

l u b r i c a t e d  b e a i  i n g s .  

CLUTCHES 

T h e r e  a r e  a l s o  s e v e r a l  d i f f e r e n t  t y p e s  o f  c l u t c h e s  t h a t  may b e  

c o n s i d e r e d  o n  t h e  v e h i c l e ,  n o t a b l y  f r i c t  i o n - c o n t a c t  c l u t c h e s ,  

h y d r o d y n a m i c  f l u i d  c l u t c h e s ,  a n d  e l e c t r o m a g m e t i c  f l u x  c l u t c h e s .  

F r i c t i o n  c l u t c h e s  h a v e  t h e  a d v a n t a g e  o f  r e l a t i v e  m e c h a n i c a l  

s i m p l i c i t y  a n d  z e r o  s l i p  d u r i n g  s t e a d y - s t a t e  p e r f o r m a n c e .  O f  t h e  

f r i c t i o n  c l u t c h e s ,  t w o  i n  p a r t i c u l a r  h a v e  b e e n  e v a l u a t e d  f o r  

s p a c e f l i g h t  a p p l i c a t i o n s :  w r a p - s p r i n g  a n d  d i s c  c l u t c h e s .  Wrap- 

s p r i n g  c l u t c h e s  h a v e  f a s t e r  r e s p o n s e  t i m e ,  h i g h e r  t o r q u e / w e i g h t  

a n d  t o r q u t : / / v o l u m e  r a t i o s  a n d  much l o w e r .  a c i u a t  i n g  power  r e q u i r e - .  

m e n t s  t h a n  d i s c  c l u t c h e s ,  b u t  s u f f e r  from s i g n i f i c a n t  d r a g  t o r q u r  

a n d  1 c ) k e r  d i s e x n g a g i n g  r e l i a b i l i t y  t h a n  d i s c  c l u t c h e s .  D i s c .  

c l u t c h e s  h a v e  l i t t l e  i f  a n y  d r a g  t o r q u e  a n d  t h u s  h a v e  v e r y  m o d e s t  

thr i -m;t l  r.equit-exnr.;!it s ,  b u t  m u s t  t ~ p l ~ >  an e 1 t ~ c - t I . o m a ~ n e t  i c .  o r -  

p r iecmat  i r .  e n g a g i n g  m e c h a n i s m  [?-!:. 

F l u i d  c 1 u t c : h e s  d o  n o t  seem w e l l - - s u i t e d  f o r  s p a c e  u s e .  They  

u n d e r . g o  ( * o n s t a n t  s l i p  arid t h e r e f o 1 . e  r e q u i r e  c o n s t a n t  h e a t  d i s s i  

p a t  i ~ $ 1 7 .  I n  ac ld i  t i o n ,  t h e y  g e n e r a l  13- 1 1 ~ 4 v e  lob, t o r q u e i w e i g l i t  and  

t o r q u P  , i , o l u m e  r a t i o s  a n d  ha \ - t -  ur1dprcbdic.t :it11 e t o r q u e  o u t p u t  d u r i n g  

4 3  

0 
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h i g h  t u r b u l e n c e  a n d  s l i p  [ 2 5 ; .  E l e c t r o m a g n e t i c  f l u x  c l u t c h v s ,  01, 

i h t ,  o t h e r  h a n d ,  h a v e  s e v e r a l  d e s i r a b l e  f e a t u r e s  w i t h  r e g H 1 - d  t o  

- 

la s p a c e f l i g h t .  They  g e n e r a l l y  h a b e  o n l y  o n e  c o n t r o l  p a r a m e t e r  

( c o i l  c u r r e n t  'f a n d  h a v e  s m o o t h  up f - r a t  i o n .  The  eddy-cur- l - f , r r i  

a 
. 

0 

c l u t c h  c a n  t r a n s m i t  v e r y  l a r g e  a m o u n t s  of p o k e r ,  b u t  s i n c e  

s l i p p a g e  m u s t  o c c u r  f o r  t o r q u e  t r a n s m i s s i o n ,  thebit? i s  s i g n i f i c u ~ l r  

h e a t  d i s s i p a t i o n .  T h e  m a g n e t i c - p a r t i c l e  c l u t c h  h a s  the  a d v a n t a g e  

o f  m a i n t a i n i n g  c o n s t a n t  t o r q u e  e v e n  a t  loo", s l i p  1263;. 

Heat r e j e c t i o n  h a s  b e e n  d i s c u s s e d  p e r i p h e r a l 1 1  a b o v e ,  b t i t  

m u s t  b e  c o n s i d e r e d  c a r e f u l l y  i n  a n y  s p a c e  system. S i n c e  c o n v e c -  

t i o n  d o e s  n o t  o c c u r  i n  a vacuum,  c o n d u c t i o n  o r  r a d i a t i o n  m u s t  b e  

u s e d .  C o n d u c t i o n  ~ i a y  l e  u s e f u l  f o r  l i g h t  h e a t  t r a n s f e r  a p p l i c a -  

t i o n s  s u c h  as  b e a r i n g s  a n d  f r i c t i o n  c l u t c h e s ,  b u t  i n  g e n e r a l  i s  

p r o b a b l y  i n a d e q u a t e  f o r  d i s s i p a t i o n  o f  l a r g e  a m o u n t s  o f  h e a t  s u c h  

a s  t h a t  g e n e r a t e d  i n  e l e c t r i c  m o t o r s  o r  t r a n s m i s s i o n s .  F o r  t h e s e  

a p p l i c a t i o n s ,  p r o b a b l y  a h e a t  p i p e  n e t w o i k  w i l l  b e  e m p l o y e d  

b e t w e e n  t h e  h e a t - p r o d u c i n g  c o m p o n e n t s  a n d  e x t e r i o r  r a d i a t o r s .  

S i n c e  t h e  e f f e c t i t e  r a d i a t i o n  t e m p e r a t u r e  o f  d e e p  s p a c e  i s  close 

t o  a b s o l u t e  z e r o ,  t h e r m a l  r a d i a t i o n  can b e  q u i t e  e f f i c i e n t  on  t h e  

moon.  The  t i l t  a n g l e  o f  t h e  r a d i a t o r s  s h o u l d  p o i n t  a k a y  f r o m  t h e  

m o o n ' s  s u r f a c e  a n d  t h e  s u n  a s  m u c h  a s  p o s s i b l e  f o r  maximum 

t h e r m a l  e f f i c i e n c y  o f  t h y  r a d i a t o r s .  I f  t h e  r a d i a t o r  p a n e l s  a r e  

l o c a t c c i  011 t h e  s i d e  o f  t h e  v e h i c l e  a n d  t h e  v e h i c l e ' s  d i y g i r i k  

p a t  ler1l is i n  the.  east-hesi d i r e c t i o n ,  t h e r i  t h t -  p a n e l s  hi!! n r \ ( . l  

fac .e  d i r e c t l y  i n t o  t h t .  s u n  and  s h o u l d  r a d i a t e  v e r y  e f f e c t i \ c ; \ .  

I 1 0 ~ e v c . r ~  t h i s  o r i e i i t a t  i o n  w c i u l d  r ' a u s e  e h t r e m c -  d i f f i c u l t )  kit!: 

t i s u a l  s y s t e m s  a n d  i s  l i h e l )  t o  Le i m p r a c t i c a l  a s  a n  a b s o l u t t -  

c o n s t r a i n t  . 
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o n  m a t e r i a l s  w i t h  l i m i t e d  d u c t i l i t y  b y  t h i s  m e t h o d .  I t  c a n n r ?  t 

b e  u s e d  i n  t h e  i n s t a n c e  o f  s h a r p  c c ~ i i t o u r s  a n d  re -  e n t r a n t  

c o r n e r s ) .  C o l d  w e l d i n g  can b e  a p r o b l e m  i n  t h e  a b s c l l u t c .  

e n v i r o n m e n t ;  Ti-6.41-4V d o e s  n o t  a d h e s e  e a s i l y  t o  i t s e l f  o r  o t h e r  

m a t e r i a l s  ( c o p p e r  a n d  A 1  2 0 1 4  a d h e s e  t o  l i k e  a n d  u n l i k e  m a t e r i a l s  

i n  t h i s  e n v i r o n m e n t .  D i s s i m i l a r  m a t e r i a l s  are m o r e  a p t  n o t  t o  

b o n d  t o g e t h e r ,  d u e  t o  d i f f e r e n c e s  ~ I I  t h c .  l a t t i c t .  s t r u c t u r e s ! .  

D y n a m i c  l o a d i n g  r e d u c e s  minimum b o n d i n g  t e m p e r a t u r e s  d u e  t o  a 

s m o o t h e r .  r e s u l t i r i g  s u r f a c e .  ( S t a i n l e s s  s t e e l  b o n d s  a t  room 

t e m p e r a t u r e .  S t r e n g t h s  c a n  be i n c r e a s e d  o r  r e d u c e d  i f  a n o n -  

o s i d i z i i i g  a t m o s p h e r e  (some m a t e r i a l s  d e p e n d  on  o x i d i z i n g '  

a t m o s p h e r e s  f o r  i n c r e a s e d  s t r e n g t h ) .  A r e d u c t . i o n  i n  s t r e n g t h  c a n  

b e  d u e  t o  d e c r e a s e d  s u r f a c e  e n e r g y  a c c o m p a n y i n g  g a s  a b s o r p t i o n ,  

t h e r e b y  d e c r e a s i n g  t h e  w o r k  n e e d e d  t o  i n d u c e  c r a c k  p r o y a g a t i o i i .  

F a t i g u e  l i f e  d o e s  n o t  n o t i c e a b l y  c h a n g e .  

S p i n n i n g  s h o u l d  b e  u s e d  i n  m a n u f a c t u r i n g  t h e  scoopt : - , :dr- i  v e r  

s y s t e m .  I t s  r e s u l t i n g  s t r e s s  s t a t e  i s  s i m i l a r  t o  c o l d  r o l l i n g  a n d  

s t  r e t c h  f o r m i n g .  ,4 p r o b l e m  w i t h  s p i n r i i n g  i s  t h a t  t i i f  c r a c h s  

c o u l d  f o r m  a t  t h e  o u t e r  e d g e s ,  w h e r e  b i a x i a l  s t r e t c h i n g  i s  m o s t  

p r e d o m i n a n t .  To a l l e ~ i : i t e  t h e  b i a x i a l  s t r e s s e s ,  t h e  d i r e c t  i o n  o f  

r o l l i n g  s h o u l d  l e  a s  t h e  same d i r e c t i o n  o f  c u r v a t u r e ,  Eii t  

r.~Ic.iig:a! c ; J  i n c l u s i o n s  are t h e n  indu( . c rd  irr t h e  m a t  t I r i r i 1 .  T h e s t .  

i n c l u s i o n s  a r e  more d e t r i m e n t a l  t h a n  t h e  g lc~L~1~\ : t i .  i n c l u s i u n s .  

The t r a n s v e r s e  due.! i i i t  y i s  1-educ:etl L y  a r i i s c ; t : - o p j .  ' ! i , , 1 1 1 i l i i i  f k 1 1  T i .  

s t r u c : t u r i n g  of  c r y s t a l s  d u e  t o  v o i d s : ' ;  t h i s  i m p l i e s  a n  i n c r e a s e -  

i r i  b r i t t l e n e s s  a n d  a r e d u i . t i u n  i n  res i ' I i enc t -  t o  d y n a m i c  l , , a d : 3 g  

a r i d  shor:L:. A p o s s i b l e  s o l u t i u n  i s  t o  s t r v t c h  f o r m  s e v e r a l  ss!!t.-fs 

h i 1 h s c j f i ~ ~ ~  m i n i m a l  d e g r e e  o f  c u r v a t u r e  a n d  b o 1  t t h e m  t o g e t ! i t ; ~  . 
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T h i s  s o l u t i c i n  i s  m o r e  s u s c e p t i b l e  t o  l o s s e s  d u e  t o  1 e a h : i g c .  ( T h c  

p r o c e s s  w a s  u s e d  w i t h  p a n e l s  o f  A 1  2219-TP,T,l ,  h l i i c h  h d b  h i g h  

s t r e n g t h  w i t h  g o o d  t o u g h n e s s .  I t  a l s o  e x h i b i t s  g o o d  belraLic I 

u n d e i  t i a k i a l  s t r e s s : .  Tile Ti-6A1-4V i s  a good c h o i c e  f o r  til‘ 

c o l d  s p i n n i n g  p r o c e s s  f o r  t h e  s c o o p e r / d r i v e r ,  d u e  t o  i t <  

c o n s i s t e n c y  a t  v a r y i n g  t e m p e r a t u r e s  o f  t h e  u l t i m a t e  a p d  ~ i e l d  

s t r e n g t h s  a n d  i n c r e a s e d  d u c t i l i t y  a t  t h c  h i g h e r  t e m p e r a t u r e s .  

T h e  b o d y - c e n t e r e d  c u b i c  s t r u c t u r e  o f  t i t a n i u m  i s  d e s i r e a b l e  f o r  

i t s  i n c r e a s e d  d u c t i l i t y  o v e r  t h e  h c p  s t r u c t u r e  w h i c h  t e n d s  l o  b e  

b r i t t l e  a n d  s e n s i t i v e  t o  s t r e s s  c o r r o s i o n .  

I n  i n s t a n c e s  w h e r e  thcxrmal  f a t i g u e ,  s h o c k  a n d  t h t ~ r - m a l  

r e s i d u a l  s t r e s s e s  n e e d  r e l i e k i n g ,  Fe-Ki  a l l o y s  ( T n v a r - t y p e  

alloys, w i t h  n i c k e l  c o n t e n t  o f  36-49",: e x h i b i t  l o w  t h e r m a l  

e x p a n s i o n  a n d  h a v e  a c o n s t a n t  m o d u l u s  of  e l a s t i c i t y  o v e r  a 

m o d e r a t e  h i g h  t e m p e r a t u r e  r a n g e .  h ' i c k e l  h a s  b e e n  u t i l i z e d  i n  t h e  

s t r u c t u r e  o f  t h e  space  s h u t t l e s .  I f  a l u m i n u m  o r  i t s  a l l o y s  a r e  

u s e d  f o r  s t r u c t u r a l  s u p p o r t  o n  t h e  v e h i c l e ,  i t  m u s t  n o t  t ) c  111 t h r  

same v i c i n i t y  a s  a s t a i n l e s s  s t e e l ,  O K  s t r e s s - c o r r - o s i o r i  c r a c h i n g  

w i l l  b e  i n d u c e d .  Aluminuin i s  a n o d i c  t o  s t a i n l e s s  s t e e l  ( a l u m i n u m  

a c t i n g  a s  t h e  a n o d e ,  s t e e l  a s  t h e  c a t h o d e  . To e l e c t r i c a l l y  

i n s u l a t e  a l u m i n u m  f r o m  s t e e l ,  g l a p h i t r  i n  g i - e a s t '  a t  t h e  i n t e r f a c e  

i s  u s e d .  A n o t h e i  i n s u l a t i n g  m a t e i i a l  f o r  t ! ? i s  s i t u a t i o r ~  i s  h i C ~ ,  

b u t  i s  P O I - o u s  a n d  w i l l  t i e n t u a l l >  l e a d  t o  t h e  p r c , b l e ~ m  o f  s t i t i s  

c o r r o s i o n  c r a c k i n g .  T u i  t h e r n i o i  C ,  h i t i .  a p o i  ous m a t e r  i a l .  a 

111ght.r  t e r i d e n c )  f o r  p i  o p a g a t  i o n  o f  d i s l o c a t  i o n s  d u e  t o  v o i d s ,  i s  

ail a d d i t i o n a l  proL1erri. B o l t s  a n d  screws a r e  t o  b e  forme.! tis 

t l i r e a d  r o l l i I i g  a n d  macl i i1 j i r :g ,  anll  call l i t  of a l u m i n u m .  G e a i s  cai :  

be  f o r m e d  bq c a s t i n g ,  t ) L t  t h y  ~ - e s u l t i r , g  p ~ i o s i t y  o f  t h e  f i I , a :  
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p r o d u c t  c a n  d e f i n i t e l y  l e a d  t o  f a i l u r e .  F o r g i n g  arid p o w d e r  

me ta l  m o l d i n g  a r e  o t h e r  p o s s i b i l i t i e s .  F o r g i n g  l e a v e s  

c i r c u m f e r e n t i a l  r e s i d u a l  t e i i s i l e  s t r e s s  a n d  w o u l d  n o t  b e  L~I: 

a d e q u a t e  c h o i c ~ ~  f o r  b fo i -mi i ig  pt C J C  e s s  s i n c e  t h e s e  r e s i d u t i i  

s t r e s s e s  c a n  l e a d  t o  e a r l ) ;  f a t i g u e  f a i l u r e .  P o w d e r  m e t a l  

m o l d i n g ,  i n  w h i c h  a f i n e  s u r f a c e  f i l i i s h  can be a t t a i n e d ,  Is t he  

p r o p e l .  c h o i c e  f o r  f o r m i n g  o f  t h e  g e a r s .  Wire f a L ) r i r  f o r  s c r e e n s  

a n d  m e s h  f o r  i i res  on t h e  v e h i c l e  c o u l d  b e  f o r m e d  f r o m  t i l l e t s  

s u b j e c t e d  t o  a n  e x t r u s i o n  p r o c e s s  o r  w i r e  d r a w i n g  a n d  w e l d e d  

t o g e t h e r .  

I n  t h e  p a s t ,  t c )  r e d u c e  t h e r m a l  s t r e s s e s  a n d  p r o t e c t  t i l e  

s p a c e  s h u t t l e s  d u r i n g  r e - e n t r i e s ,  l i g h t  s i l i c a  t i l e s  h a v e  been 

p l a c e d  o v e r  t h e  s k i n  of t h e  v e h i c l e .  T h e  t i l e s  r e q u i r e  p r e c i s i o n  

m a c h i n i n g ,  w h i c h  i s  v e r y  d i f f i c u l t  t o  a c c o m p l i s h  w i t h  s u c h  a 

b r i t t l e  m a t e r i a l  s u c h  a s  t h i s  g l a s s .  W i t h  t h e  t i l e s ,  p r o b l e m s  

were e x p e r i e n c e d  w i t h  h e a t  g e n e r a t i o n  on  t h e  s h u t t l e s  d u e  t o  s k i n  

f r i c t i o n .  For.  t h e s e  r e a s o n s ,  a t h i n  t h e r m a l  c o a t i n g  may L e  a n  

a l t e r n a t i v e  t o  b e  u t i l i z e d .  T u n g s t e n  h a s  b e e n  p r e v i o u s l y  used i r t  

t h e  a b s o l u t e  e n v i r o n m e n t ,  b u t  t . h e  s t r . u c t u r . c .  o f  t u n g s t e n  m a k e s  i t  

i n h e r e n t l y  b r i t t l e ,  a n d  i m p l i e s  a n  e x t r e m e l y  l o w  t e n s i l e  

s t r e n g  t h i d e n s  i t y r a t  i c) . I t  i s  o f t e n  u s e d  a t  h i g h  ~ ~ - I ~ I E ) ~ ‘ I - ; - ~ : U I - . ~ S  

d u e  tt.) i t s  h i g h  m e l t i n g  p o i n t .  A L l a t i v e  m a t e r i a l s  t h a t  ( e * t r a ( . i  

h f , a t  f r o m  ?lie s u r f a c e  by  a l l o k i n g  t h 4 5  s u r f a c e  t o  e r o d t )  by nit ; ’ ! t  .ii!g 

a ~ t f  e v a p c t r ’ a t i c ~ n  a t  h i g h  t e m p e r a t u r e s )  h a v e  bee11 u s e d  fur tht-l.rridi 

11ar.i.ic.1. c . u a t  i n g s  : t o  r e d u c t s  t he  p c ) s s i ! i  i 1 i t  :.- of  h o t  s i ~ i . ~ t s  

o c c u r r i n g ) .  Added P I  ol lems e x i s t  i n  t h e  l u n a r  e n v i r o n m e n t :  t lit- 

aLs;t;n(.e c r f  a i  1’ ant i  s e v e r e  r a d i a t  i 011 e f f e c t s  are p r e s e n t .  ?Ian>- 

t i m e s ,  s u r . f a c t . s  ! s a y ,  t h e  p a n e l s  o f  t h e  m i n i u g  v e h i c l e ,  a l t h v u g ! ~  
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a n y  s u r f a c e  i s  s u s c e p t i b l e ' ) ,  r e a c t  w i t h  h i g h  e n e r g y  p a r t i c l e s  

(pi o t o n s ,  e l e c t r o n s ,  a t o m s  a n d  m c ) l e c u l e s ) .  Loss  o f  m a t e x  i a l  

t h r o u g h  t h e  s u r f a c e  c a n  t a k e  p l a c e  t h r o u g h  a p r o c e s s  c a l l e d  

s p u t t e r i n g  !a  minimum t l i reshc~ld  r n e r g y  i s  a t t a i n e d  s o  t h a t  

p a r t i c l e s  a i e  a b l e  t o  p e n e t r a t e  t h e  s u r f a c e ) .  Ma te r i a l  i s  l o s t  

rcf ir211 a tn rosphcx  i c  d e r i s i  t y  i s  low.  Most  m e - c h a n i c a l  p r o p e l  t i e s  a r e  

a f f e c t e d  d u e  t o  t h i s  l o s s  of  m a t e r i a l .  I n  i n s t a n c e s  w h e r e  

a b n o r m a l  s o l a r  c o n d i t i o n s  a r e  p r e s e n t ,  "300 a n g s t r o m  c o a t i n g  o f  

a l u m i n u m  i s  l o s t  ( o n e  h u n d r e d  t h o u s a n d t h s  o f  a g r a m  pe r  

c e n t i m e t e r  s q u a r e d  i n  o n e  mon th  d u r i n g  a p e r i o d  o f  l o w - i c t e n s i t y  

s o l a 1  w i n d  o r  i n  s e v e r a l  h o u r s  i n  a s o l a r  s t o r m . "  ( p .  43G 

R i t t e n h o u s e  a n d  S i n g l e t a r y .  S~BEI~ Mgtt.rigls Hggdb_ggk_. TiAS.4; 

W a s h i n g t o n ,  D . C . :  1 9 6 9 ) .  Thus  t h e  b e n e f i t  o f  t h e  c h o i c e  o f  

t i t a n i u m  a l l o y s  i s  r e a l i z e d ,  w h e t h e r  t h e  u s e  b e  f o r  c o a t i n g s  o r  

a c - t u a l  p a n e l s  a n d  s t r u c t u r a l  s u p p o r t .  F u r t h e r  p r o b l e m s  a r i s e  i n  

t h e  e n v i r o n m e n t  d u e  t o  " . . . s u r f a c e  b l i s t e r i n g - t h e  i m p i n g e m e n t  

o f  p a r t i c l e s  i n  t h e  e n v i r o n m e n t  : o n t o  t h e  v e h i c l e ]  c a n  i n c r t ~ a s v  

sonic' m a t e r i a l s  a b s o r p t  i v i t  J . M i c r o c i r c u i t s  ( f c t i m e d  L y  

e v a p o r a t i o n  o f  m e t a l l i c  t r a c e s '  a r e  e s p e c i a l l y  a f f e c t e d  b j  t h i s .  

S m a l l  b l i s t e i s  c a n  s e r - i o u s l ~  i m p e d e  o p t i c a l  c h a r a c t e r i s t i c s  o f  

a l u m i n i z e d  m i r r o r s  d u e  t o  s ~ r i o u s  p i t t i n g . "  ( p .  4 3 6  R i t t e n h o u s e  

a n d  S i n g l e t a r b .  Sr,_ar_e Margij_a.ls H_aLldt_qyl,. NASA; K a s h i n g t  ui i ,  

D . C . :  1 9 6 9 ; .  A s  a d e s i g n  p a r a m e t e r ,  t h e  t i m e  fo r  loss  o f  

n td t e r i i i l l  f l o n  i r , ~ i i a l l !  f i l n :  c o v e i e d  c o m p o n e n t ,  mus t  b e  e q u a l  t o  

0 1  g i e a t e i -  t h a i l  t h e  t inte  f o r  t h e  e ~ a p o r a t i t e  l o s s  o f  a f i l m - f r e e  

m a t e r i a l .  E v a p o r l i \ , c s  l o s s e s ,  t h o u g h ,  a r e  v i r t u a l l y  i n s i g n i f i c a n t  

i n  t i t a n i u m  a n d  a l u m i n u n  a l l o i . .  Y r t ~ l l i c  c o a t i n g s  o f  cadrn iun  

a n d  z i n c  a r e  possible f o i  fas.tt'x1ex.s a n d  f r a m e r  b u t  t h t , s t .  
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e \ d p ~ ) : ' a t i v e  m a t e r i a l s  c o u l d  t e n d  t o  deposit o n  t h c  o ; ' t i c a l  

c o m p o n e n t s .  T h i s  p r o b l e m  i s  t a c h l e d  i n  t h e  s e c t i o n  or: \ i s u ; i l  

s y s 1 e n : c .  C v r a m i c s  a i  e g r e a t l y  i m p y d e d  1)) t h t .  h a r s h  e n v i r c , u m e n t  : 

c r e e p  of o x i d e  ceramics  I)>-  c r e s t l n g  v a c a n c i e s  i r l  t h e  l a t t i t t .  sild 

c a u s i n g  t h e  d i s 1 o c : a t i o n s  t o  move.  T h i s  w i l l  e v e n t u a l : ) .  l e a d  t o  

i n  f a t i g u e  s t r e n g t h .  

T h e  d e t r i m e n t a l  e f f e c t s  from r n d i a t  i o n  a r e  n e g l i g i b l e  b e l o i ~  

l e v e l s  o f  1 x 1 0  N e t i t o ~ ~ s , / ~ m  . .4t h i g h e r  l e v e l s ,  t h e  m a t e r i a l s  
19 2 

b e c o m e  e m l r i t t l e d ,  h a r d n e s s  i s  i n c r e a s e d  b u t  t h e  f a t i g u e  s t r e n g t h  

i s  t h e  p r o p e r t y  l e a s t  a f f e c t e d .  Alurriinum and i t s  a l l o y s  t e n d  t o  

c h a n g e  c o l o r  w i t h  i n d u c e d  r a d i a t i o n ,  a f f e c t i n g  i t s  a b s o r p t i v i t y  

a n d  e m i s s i v i t S .  p r o p e r t i e s .  

W h i s k e r s  i n  m a t e r i a l  c a n  o c c u r ,  d i s a b l i n g  h i g h  i m p e d a n c e  

c i r c u i t s .  M e t a l l i c  w h i s k e r s  c a n  b e  f o r m e d  b y  v a p o r  d e p o s i t i o n .  

S m a l l  l o c a l i z e d  s t r e s ses ,  g i v e n  a d e y u a t e  t i m e ,  p r o \  i d e  e r i o u g h  

ei1er-g). f o r  t h e  f o r m a t i o n  o f  t h e s e  w h i s k e r s .  T h e  w o r s t  m a t e r i a l s  

f o r  s e l e c t i o n  w i t h  r e g a r d  t o  w h i s k e r  f o r m a t i o n  a r e  t i n ,  c a d m i u m ,  

a n d  z i i i c .  Bare  e l e c t r i c a l  c o m p o n e n t s  n e e d  t o  be  c o a t e d  w i t h  

e p o x y ;  p o i y u r t . t h a n c ;  p l n s t  i c  h a s  t)(Aen u s e d ,  b u t  p l a s t i c s  t e n d  t o  

" o u t g a s "  when p l a c e d  i n  a n e a r .  a b s o l u t e  e n v i r o n m e n t .  T h i s  i s  S C ,  

b e c a u s e  o f  t h e  p l a s t i c s  w e ~ k n o s t ;  i n  u l t r a v i o l e t  r a y s .  R e l a y s ,  

m i c . i - o r i r - c u i t s ,  a n d  c a p a c i t o r s  s h o u l d  h t  c o a t e d  K i t h  g o l d .  T h e  
a 

t . h d r . g r  ~ . c ~ u p l t ' d  device u s t ' d  i n  t l i e  v isui-11 t r a ~ ~ s m i s s i o n  s y s t e m  o f  

t h e  l u u a r  m i n i n g  v e h i c . 1 ~  i s  s u i . r o u i i d e d  t)) L: t a n t a l u m  r a d i a t i o n  

s I i  i Y 1 d . 

T t  h a s  b e e n  i n d i c a t c a d ,  OIJ s e b e r a l  o c c a s i o n s ,  t h a t  a 1 u n : i r l u n t  
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is weaker  than titanium i n  many properties subjected t o  the s a i d  

environmyni. Titanium exists as a gerie i -31 ,  all-purpose m a t e 1  iGY 

suitable for thc predescribed situation arid exhibits a d e q u a t t  

r e s u l t a n t  p r o p e l  t i t .s  after- f o r m i n g .  
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VIII.  CONCLUSIONS AND RECOMMENDATIONS 

The scope of this proposal covered the mechanics and 

preliminary design of machinery for mining o n  the lunar surface. 

These general ideas for t h e  collection, movement, and 

beneficiation of lunar soil in a self-contained vehicle must be 

followed b y  more specific s t u d i e s .  These studies s h o u l d  include: 

-more efficient use of beneficiation equipment 

-more efficient ore recovery of scooper;drivers 

-suitable suspension 

- s u p p o r t  of major components by suitably designed chassis 

-reduction of weight through efficient design 

-design of ergonomic interface 

-more detailed analysis of energy storage capacity 
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GENERAL 

- woi-ktxd on problem statement development 
- studied various constraints peculiar to the lunar environment: 

harsh lighting, near vacuum atmosphere, low gravity ficld, 
long "day" and "night", exorbitant initial transport cost 

VISUAL/CONTROL SYSTEMS 

- general data acquisition and conceptual review o f  control 
systems 

- generated flow charts delineating progression from input 
command to actual physical response 

- studied prexious unmanned missions (Surveyor, Voyager, Mariner) 
for their visual system construction 

- decided to eliminate -- in situ - _ _ -  operator in favor- o f  remotely 
controlled vehicle; too many unfavorable constraints to 
design for 

ORE SEPARATION AND BENEFICIATION 

-- researched lunar surface, soil, geography in N A S A  reports and 
numerous books 

- discussed conveyor belt and magnetic belt separation method of 
beneficiating FeO as a continuous process 

- the stages of soil separation were outlined and began looking 
into stages of ore processing that we will be concerned with 

MECHANICAL DETAILS 

- decided that the digging and moving motions of the mining 
vehicle must work together; several preliminary designs 
drawn up to explore these possibilities: 

a scoop-type front loader that would bury the scoop in the 
soil in front of  the vehicle and pull the vehicle forward 
to the scoop, forcing the soil into the catcherjbin 
hetween them - discounted as not heing a good, smooth, 
continuous process 

scrten-c overed augprs that k o u l d  pull t hr \ eh i c l  e f orwarc! 
as soil is drahii into the vehicle and separated - g(>o~i 
potential 

paddle-wheel drive that would p u s h  the vehicle forward 
ivtiiIe soil was collected in its "paddles" to be f l u ~ g  
111to a b i l l  in front of i t  - would hace good traction, but 
a lot o f  dust would b e  kicked up 



0 

. 

e 

i 
. 

0 

c 

B . 

D 

P r o g r e s s  Report  
2 7  J a n u a r y  198G 
G r o u p  5 
L u n a r  M i n i n g  System 

MOTIVE DRIVE 

- d e v e l o p e d  i d e a  o f  n o n - c y c l i c  h e a t  e n g i n e  a n d  b e g a n  to 
i n v e s t i g a t e  f u r t h e r ;  n o n - c y c l i c  h e a t  e n g i n e  w o u l d  u s e  
s u p e r h e a t e d  a n d  s u p e r c o o l e d  b r i c k s ,  u t i l i z i n g  t h e r m a l  
e x t r e m e s  a n d  i n s u l a t i o n  a d v a n t a g e s  a v a i l a b l e  on  t h e  moon 

- l o o k e d  a t  o t h e r  p o w e r  s o u r c e s  f o r  t h e  m o b i l e  d i g g e r  i n c l u d i n g  
s t o r a g e  b a t t e r i e s ,  f u e l  c e l l s ,  l a s e r  p o w e r  t r a n s m i s s i o n ,  a n d  
p h o t o v o l t a i c  c e l l s  

ORE SEPARATION AND BENEFICIATION 

- d e t e r m i n e d  t w o  s e p a r a t e  o r e s  t o  b e  m i n e d  on  l u n a r  s u r f a c e  - 

- s e a r c h e d  t h r o u g h  N A S A  a b s t r a c t s  f o r  a r t i c l e s  on  s o i l  m e c h a n i c s  

- r e s e a r c h e d  i r o n ,  a l u m i n u m ,  t i t a n i u m  p r o c e s s i n g  m e t h o d s  i n  

i l m e n i t e  a n d  a n o r t h o s i t e  

a n d  o r e  s e p a r a t i o n  

c u r r e n t  t e r r e s t r i a l  u s e  

VISUAL/CONTROL SYSTEMS 

- v i s u a l  s y s t e m s  w i l l  u t i l i z e  s e r v o m o t o r s  - a n a l y s i s  o f  m o t o r s  
- r e s e a r c h e d  c u r r e n t  r o b o t i c  v i s u a l  s y s t e m s ,  f l o w  cha r t  for 

v i s u a l  s y s t e m  a n d  d e c i s i o n  m a k i n g  ( A I )  - i n d u s t r i a l  
m a n u f a c t u r i n g  r o b o t s  

- a t t e m p t  a t  a n a l y z i n g  v i b r a t i o n  a n d  t h e r m a l  e f f e c t s  on  t h e  
s t a b i l i t y  o f  t h e  c a m e r a s  

MECHANICAL DETAILS 

- d i s c u s s e d  a n d  d e b a t e d  r e l a t i v e  m e r i t s  o f :  
! a >  t o t a l l y  f i x e d  b a s e  w i t h  “ f r o n t - e n d  l o a d e r s ’ ’  ( a s  i n  E a g l e  

i b )  t o t a l l y  m o b i l e  f i n i s h e d  p r o d u c t  p r o c e s s o r s  ( a s  i n  

( c ?  p l a t f o r m  p r o c e s s i n g  b a s e  t r a n s p o r t e d  b y  m o t i i l e  r o v e r s  
!d’j h y b r i d  r o v e r s j p r o c e s s o r s  f e e d i n g  f i x e d  b a s e  w h i c h  w i l l  d o  

E n g i n e e r i n g  r e p o r t )  

D e c e m b e r ,  1 9 8 5  ME 4 1 8 2  p r o j e c t )  

f u r t h e r  p r o c e s s i n g  
- i n i t i a l  t h o u g h t s  a r e  t h a t  o p t i o n  ( d )  w o u l d  b e  o p t i m u m :  d e s i g n  

t h a t  i n c o r p o r a t e s  l i m i t e d  p r o c e s s i n g  ! . to  r e j e c t ,  s a y ,  80°, i f  
raw o r e )  w i t h  f u r t h e r  b e n e f i c i a t i o n  a t  a f i x e d  b a s e  
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MOTIVE DRIVE 

- compared energy densities of various secondary cells 
- continued concept development of the non-cyclic heat engine 
- fuel cells appear to be the best "proven" energy density 
- heat engine will be very difficult to analyze quantitatively 

ORE SEPARATION AND BENEFICIATION 

- determined that rover should only contain beneficiation process 
to reduce soil to high grade ore which would yield 
substantial savings in transportation to lunar base and in 
final ore processing 

MECHANICAL DETAILS 

- auger design was considered for modification into to the 
finalized driving/collecting mechanism; a bare screw 
mechanism was discounted as an impractical variation on this 
design, as it would be difficult to steer and to vary the 
digging depth 

- cement mixer-type digging mechanism was decided on as an auger 
variation; the outside flute would be turning as i t  was 
pushed along in front of the mining cab; the internal screws 
would be used to move and separate the collected material 

- idea of a composite vehicle system was brought up and actively 
pursued; idea heing that there would be individual vehicles 
for separate functions - a mining vehicle kould collect 
material, a trailer vehicle would act a s  a mid-point field 
holding tank, and a cat) would pull the trailers and disabled 
mining vehicles back to the base for unloading and repair: 
a coupling mechanism would have to be worked out to linh the 
system together - a joint project kith group 7 that is 
developing the cab design 

- coupling systems will have to account for the uneven surface o f  
the moon that will affect thv ccJnnection; it will have to Le 
a system that c a n  be locked i n t o  place and then easily 
disengaged 

VISUAL/CONTROL SYSTEMS 

- reviewed process of telemetry for transmitting data - 
eleminated lasers a s  a possibilit>: default to fuel cells 

- researched power transmission utilizing lasers (direct so!ar. 
pumped, few conversion components; q-switched, mode l o c h e d  
vs. continuous wave; 
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MOTIVE DRIVE 

- d e c i d e d  t o  s h e l v e  n o n - c y c l i c  h e a t  e n g i n e  c o n c e p t  b e c a u s e  o f  
c o m p l e x i t y  a n d  p o o r  e x p e c t e d  e f f i c i e n c y  

- many d i f f e r e n t  s a t e l l i t e  d e s i g n s  r e s e a r c h e d ;  b e s t  b e t  w o u l d  
p r o b a b l y  h a v e  b e e n  C O 2  o r  s o l a r  pumped l a s e r  s a t e l l i t e  t o  
beam e n e r g y  t o  l u n a r  v e h i c l e s  on  s u r f a c e ;  h o w e v e r ,  b e c a u s e  
of  c o s t  c o n s t r a i n t s  a n d  s m a l l  a n g u l a r  t o l e r a n c e s  d e c i d e d  t o  
t a b l e  t h i s  c o n c e p t  i n  l i e u  o f  o t h e r  p o s s i b i l i t i e s  

- a l s o  r e s e a r c h e d  f u e l  c e l l s  a s  t h e  " t r i e d  a n d  t e s t e d "  m e t h o d  o f  
p o w e r  g e n e r a t i o n  

- d e c i d e d  t o  p u r s u e  c o n c e p t  o f  e x p e n d a b l e  f u e l  c e l l  " p a c k e t s "  
w h i c h  c o u l d  b e  e j e c t e d  when e x h a u s t e d  f o r  p i c k - u p  b y  g r o u p  
7 ' s  l u n a r  t r a n s p o r t  

- c o m p i l e d  s u b s t a n t i a l  l i s t i n g  o f  N A S A  r e p o r t s  of  A p o l l o  L R V  t o  
b e  f u r t h e r  e x p l o r e d  

ORE SEPARATION AND BENEFICIATION 

- f o u n d  t w o  i n f o r m a t i v e  f l o w  c h a r t s  o n  o r e  s e p a r a t i o n  i f r o m  
i l m e n i t e  a n d  a n o r t h o s i t e )  w h i c h  w i l l  y i e l d  v a l u a b l e  o v e r v i e v .  
o f  p r o c e s s  

- r e s e a r c h e d  s o i l  m e c h a n i c s  s c i e n c e  i n  v a r i o u s  j o u r n a l s  a n d  
p a p e r s  

- p r o p o s e  u s e  o f  e l e c t r o s t a t i c  a n d  m a g n e t i c  s e p a r a t o r s  w i t h o u t  
p r e s e n c e  o f  f l u i d  m e d i a ,  s o  a s  t o  b y p a s s  u s e  o f  a i r l o c h s  i n  
t h e  b e n e f i c a t i o n  s e c t i o n  o f  t h e  m i n e r  

- p r o p o s e  u s e  o f  p r i m a r i l y  e l e c t r o s t a t i c  s e p a r a t o r s  b e c a u s e  o f  
s a x i n g s  i n  w e i g h t  a n d  e n e r g y  

MECHANICAL DETAILS 

-- w o r k e d  o n  p r e l i m i n a r y  design o f  " f r o n t  e n d "  f o r  m i n e r ;  t r i e d  t o  
u s e  " S t y r o f o a m  c u p "  d u a l  l o a d e r  c o n c e p t  

GENERAL 

- a n g l e  o f  r e p o s e  w o u l d  b e  more  a c u t e  0 1 1  t h e  ~ i i o o n ' s  s u r f a c e  t h a n  

- met w i t h  g r o u p  7 i i i  o r d e i  t o  e r : v i s i o n  p r o ~ ~ c ~ t -  i n t e i f a c t  t ) t , : i \ t , e i i  

0 1 1  t h e  e a r t h ' s  s u r f a c e  

o u r  m i n i n g  r o v e r  a n d  t h e i r  dump t r u c h  

. 
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MECHANICAL DETAILS 

- wheel design was nnrroked down between wheel and tractor tiead 
method of traction: an aluminum mesh design like those used 
on Apollo missions on the L R V ,  would h e  best as they a l l o ~  
for more deflection on the surface, would have better 
traction with more weight conccntrated on a smaller area, 
and are lightweight; tractor treads would involve many 
linkages requiring more lubrication and adding possible 
breakdown problems 

- wheel design was further narrowed by the comparison of tko 
wheel designs; in a NASA study, an open mesh and closed mesh 
design were contrasted, both meeting NASA's soil mechanics 
specifications and the incline, speed, and load-bearing 
requirements for the lunar surface; the closed mesh 
performed better on loose soil slopes greater than 20 
degrees, but since it required more power to operate to 
overcome elasticity and incurred rips in its fabric, the 
open mesh wheel was considered the better design; we will 
continue to further research this design problem in future 
weeks 

- isometric view of machine concept drawn for reference 

MOTIVE DRIVE 

- continued with research into fuel cell systems: decided on one 
team member to specialize in this area by doing extensive 
research into the "mechanics" of fuel cells 

- decided storage batteries would be system back up in the event 
of failure 

-- discussion of power transmission options available ( i . e . ,  
con t in uous 1 y e 1 ec t 1- i c. 
motors, shaft lubrication) 

v ar i ab 1 e "gear in g" , d i r ec t -d r i v e 

ORE COLLECTION 

- tentatively decided to fix a n g l e  of intersec.tic)n (theta 011 cup 
models: according t o  optimum mining angle 

- worked cjn different linkage arrangcaments t o  vary angle o f  
attack of scoopers wiL11 respect to horizontal: coi!figurat inn 
should naturally l o c k  in p l a c e  when not being changed 

- developed preliminary linear mining speed and v o l u m e  
requirements from initial sc.ooper/driver dimension est imntes 
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GENERAL 

- for estimation purposes we have assumed f o u l .  fully operablt. 
miners on the lunar surface 

VISUAL/CONTROL SYSTEMS 

- idea for transposing material from initial intake tc. 

- positioning of cameras, number of  cameras, and function 
- more detail o f  depth perception, motors, structures o f  cameras 

benef ici at ion 

ORE SEPARATION AND BENEFICIATION 

- decided that only soil less than 1 cm would be processed 
further than the digging mechanism 

- determined that the beneficiaton process would invvlve o n e  
electrostatic separator and one drum-type magnetic separator 

- determined to use an electrostatic separator with an 
alternating curvilinear electric field and a vibrator)- 
conveyor for triboelectrificat ion purposes 
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MECHANICAL DESIGN 
- pinpointed design specifications and power requirements for 

- designed flywheel that will deliver required power for 5 hours 
- studied various continuously variable traction drixe 

transmissions and chose a modt.1 from VSMF catalog that 
should fulfill requirements 

screw conveyor within vehicle from the VSMF catalog 

MISCELLANEOUS 
- angle of repose of a soil was found to be "about the same as 

the angle of internal friction" of the soil; that value is 
designated by the slope of tangent line drawn on a Mohr 
diagram; this value was set b y  N A S A  f o r  use in simulated 
soil tests as 35 degrees plus or minus 4 degrees 

- information on non-luhricating hearings was found with factors 
relating to power consumption 

- continuous discharge conveyor elevator designs were 
investigated through the VSMF c a t a l o g s ;  possibilities 
include belt and chain driven buckets 

ORE SEPARATION AND BENEFICIATION 
- sized vibratory conveyors for both electrostatic separators 

from VSMF and determined to use Carpco double-roll induced 
magnetic separator 

- determined that screw conveyor should not be used for vertical 
lift to beneficiation process or to holding bin at discharge 
because at 45-degree angle only 50% efficiency is attained 

MATERIAL SELECTION FOR COMPONENTS OF VEHICLE 
- investigated vacuumjradiation effects on alloys, ceramics 

(evaporative effects in vacuum environment, induced thermal 
stresses, blistering effects, pitting and metallic vapor 
deposits on optical devices, and changes in mechanical 
properties) 

b o d y  
- material selection m a d e  for front scooperjdrivers and panels of 

CHARGED-COUPLED DEVICE VS. VIDICON CAMERA TUBE 
- benefits of CCD: 

- smaller, lighter, n o  additic-.,nal heating elements involved 
- good in very low light and bright light (no burning of' 

- already has horizontal a n d  vrritral pixels 
image on phvtosensitive sensor') 
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ORE SEPARATION AND BENEFICIATION 

- investigated mathematical model o f  separation process based on 

- defined power requirements for electrostatic separators arid 

- wrote rough draft 

fractions of ore and separator efficiency 

magnetic separators 

MECHANICAL DESIGN 

- evaluated various layout problems in elevativn and plan views 
- sized all mechanical components 
- evaluated speed reducer clutch and differential designs with 

- performed design calculations for speed reducers and shafts 
- finalized layout of power transmission system and drive train 
- developed differential and continuously variable transmission 

respect to space-use considerations 

GENERAL 

- compiled various power requirements and compared with flywheel 

- continued writing report segments dealing with the drive train 
output availability 

. 
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